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A13S'-"IZAC'f 
The  thesis  describes  an  investigation  into  the  effect  of 
different  parameters  on  the  detailed  flow  structure  in  a 
heat  exchan(jer  model.  The  problems  related  to  the  flow 
and  heat  transfer  in  tube  bank  cnnfigurations  are 
discussed.  A  literature  review  is  incorporated  and  the 
approxir,  iate  consistency  between  different  investigations 
is  shown. 
The  aim  of  the  study  was  to  determine  the  effect  of 
parameters  such  as  surface  roughness,  turbulent  intensi'%--Yl 
mass  transfer  and  heat  transfer  on  the  simultaneously 
measured  local  parameters  such  as  wall  shear  stress, 
normal  pressure  and  heat  transfer  coefficient  distributions 
around  circular  cylinders  in  cross  flow. 
A  newly  developed  instrument  was  built  to  measure  the  local 
shear  stress  around  the  test  cylinder  surface.  A  literature 
review  for  different  experimental  techniques  used  in  this 
field  is  presented  and  the  difficulties  connected  with  their 
usage  are  discussed.  The  developed  device  was  of  the  null 
seeking  servo-force  balance  type  which  showed  a  high 
accuracy  and  reliability  with  instantaneous  response. 
This  device  was  also  used  to  measure  the  vortex  shedding 
frequency. 
These  studies  were  of  air  flowl  using  an  open  circuit  wind 
tunnel  working  in  the  suction  mode.  Measurements  were 
obtained  for  single  cylinder  and  individual  cylinders  along 
the/... iii. 
the  depth  of  a  -seven  rows  tube  bank.  The  bank  was  of  the 
staggered  type  with  equal  pitch  to  diameter  ratios  of  1.5. 
Using  the  same  set  up  through  the  whole  programme  of  study 
made  it  possible  to  separate  the  effect  of  individual 
parameters  on  the  local  flow  characteristics. 
Using  a  hydrodynamic  analogy,  the  condensation  process  in 
a  surface  steam  condenser  was  simulated  by  homogeneous 
extraction  of  air  through  the  surface  of  a  porous  test 
cylinder.  Experiments  involving  simultaneous  heat  and 
mass  transfer  were  also  carried  out  and  their  effect  on 
the  local  parameters  around  the  cylinder  was  investigated. 
Tests  covered  a  range  of  main  stream  Reynolds  number  up  to 
70,000,  surface  roughness  up  to  53  x  10-5,  suction 
parameter  up  to  1.2  and  input  heat  loads  up  to  18  Watt  /Cm  2. 
Results  of  the  studies  are  presented  for  the  local 
parameters  around  the  cylinder  surface.  These  are  also 
presented  in  terms  of  the  relative  contribution  of  shear 
stress  and  pressure  drag  to  the  total  drag.  Results  are 
also  presented  for  the  overall  pressure  drop  and  heat 
transfer  rate  over  different  rovis  in  the  tube  bank. 
Measurements  of  the  Strouhal  number  for  a  single  cylinder 
agreed  with  other  investigators  and  showed  an  independence 
of  the  Reynolds  number. 
Results  showed  that  even  with  small  surface  roughness, 
the  shear  stress  was  increased  considerably.  The  effect 
of/... iv. 
of  increasing  the  turbulence  intensity  was  to  increase  the 
shear  stress  and  to  cause  a  reduction  in  the  pressure  drag. 
Flow  and  heat  measurements  showed  that  the  entrance  effect 
in  the  tube  bank  extended  up  to  the  third  row  and  stable 
conditions  were  reached  from  the  fourth  row  onwards. 
The  pressure  drop  per  row  decreasdd  as  the  number  of  rows 
increased  and  the  percentage  contribution  of  the  shear 
stress  to  the  total  drag  was  about  2  to  4  per  cent. 
Results  with  mass  e.  xtraction  showed  that  for  a  typical 
condenser  loading,  the  suction  had  a  considerable  effect 
on  the  values  of  the  wall  shear  stress  which  was  increased 
by  increasing  suction  rate.  Although  suction  cau-sed 
slight  changes  in  the  normal  pressure  distribution,  the 
changes  in  the  pressure  drag  due  to  suction  effect  were 
not  significant.  Furthermore,  beyond  a  certain  suction 
rate  flow  transition  took  place  due  to  the  surface 
roughness  relative.  to  the  reduced  thickness  of  the  boundary 
layer. 
Heat  transferred  across  the  sucked  boundary  layer  caused 
an  increase  in  the  wall  shear  stress  with  no  significant 
effect  on  the  normal  pressure  distribution, 
The  distribution  of  the  heat  transfer  coefficient  showed 
a  relative  minimum  value  at  the  FSP  while  its  peak  was 
reached  in  the  region  of  the  shear  stress  peak  and  its 
minimum  value  was  reached  beyond  the  flow  separation  point. 
Moreover/... V. 
Moreover,  all  the  rOWS  in  the  bank  ShOWed  heat  transfer 
coefficients  which  were  higher  than  those  for  a  single 
cylinder. 
Flow  visualisation  showed  the  general  effect  of  suction 
on  the  flow  around  the  cylinder  and  efforts  made  to 
develop  a  theoretical  model  for  such  cases  are  also 
discussed. vi. 
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CHAPTER  1 
INTRODUCTION 
1.1.  General  introduction 
The  study  of  flow  normal  to  banks  of  tubes  continues 
to  attract  interest  because  of  the  importance  of  this  fl6w 
configuration  in  the  design  of  heat  exchangers,  items  of 
equipment,  which  are  widely  used  in  thermal  and  chemical 
engineering.  In  fact,  a  detailed  knowledge  of  heat  transfer 
and  flow  phenomena  in  heat  exciianging  equipment  may  be 
considered  a  prerequisite  to  obtaining  a  reliable  design. 
Flow  characteristics  within  a  heat  exchanger  tube  bank 
represent  some  of  the  major  factors  in  the  overall 
performance  of  the  exchanger.  As  the  geometry  of  the 
exchanger  becomes  more  complicated,  it  is  necessary  to 
develop  experimental  procedures  in  order  to  obtain  a  fundamental 
knowledge  of  flow  characteristics  for  such  configurations. 
A  study  of  the  literature  shows  that,  from  the  thermal 
stand  point,,  there  are  still  uncertainties  regarding  the  way 
in  which  heat  is  transferred  between  a  single  phase  flow  and 
circular  tube  test  models.  in  addition,  the  rate  of  transfer 
varies  around  the  tube's  circumference  and  the  influence  of 
different  parameters  on  those  variations  is  not  yet  fully 
understood.  Of  course,  the  situation  will  be  more 
complicated  for  heat  exchangers  where  a  change  of  phase  is 
taking  place. 
Processes/ z. 
Processes  involving  change  of  phase  with  simultaneous  heat 
and  mass  transfer  represent  basic  engineering  problems  in 
heat  transfer.  While  there  are  many  industrial  processes 
in  which  such  phenomena  are  involved,  e.  g.,  transpiration 
or  mass  transfer  cooling,  drying  processes#  refrigeration 
and  chemical  engineering,  the  main  interest  in  the  present 
work  is  related  to  situations  where  condensation  is  taking 
place  in  a  heat  exchanger,,  i.  e.,  steam  condensers. 
Steam  condensaýion  represents  an  essential  part  of  many 
industrial  processes  but  its  most  important  application  is 
for  surface  condensers  in  conjunction  with  steam  turbine 
for  the  generation  of  electricity  in  power  stations  and  in 
desalination  plants  to  produce  fresh  water  for  public 
utilities.  Due  to  the  important  role  the  condenser  plays 
in  the  steam  process  cycle  together  with  its  proportionally 
large  capital  cost,  one  of  its  major  requirements  is 
efficiency  of  performance  at  an  economical  cost.  The 
performance  of  the  unit  is  closely  connected  to  the  heat 
transfer  that  takes  place  during  the  condensation  process  on 
the.  immediate  cost  of  some  pressure  drop  across  the  condenser. 
In  particular,  pressure  drop  between  the  vapour  entry  to  the 
exchanger  and  the  air  ejector  section  in  the  condenserr  has 
an  importamt  effect  on  the  efficiency  of  the  power  generation 
plant.  Besides  its  thermal  effect,  e.  g.,  excessive  under- 
cooling  of  the  condensate  which  has  to  be  compensated  in 
the  feed  heaters  or  boiler  and  decreasing  the  heat 
transmission  performance  of  the.  unit,  it  has  a  considerable 
effect  on  the  duties  of  the  air  ejector.  Since  the  ejector 
is/*SO 3. 
is  a  volume  displacement  equipment,  it  is  reckoned  that 
for  a  pressure  drop  of  12.5  mm  Hg  in  the  range  of  711  to 
737  mm  vacuum,  the  ejector  has  to  handle  as  much  as  three 
times  its  capacity  wit4out  this  extra  pressure  drop  (122). 
From  the  economy  point  of  view,  i 
the  pressure  drop  in  a  condenser 
saving  in  the  running  costs  of  a 
It  has  been  estimated  (242)  that 
vacuum  of  2.5  mm  Hg  for  a  500  MW 
saving  of  about  E60,000  annually 
1976.  With  the  present  rate  of 
it  is  relevant  to  consider  these 
a  marginal  improvement  in  ' 
could  lead  to  a  significant 
conventional  power  station. 
an  improvement  in  condenser 
plant  would  result  in  a 
with  the  fuel  price  in 
increase  in  the  fuel  pricet 
problems  more  seriously. 
With  the  increasing  size  of  plant  there  has  been  a 
corresponding  increase  in  the  condenser  requirement. 
Accordingly,  it  has  bedome  necessary  to  have  a  more  detailed 
knowledge  of  the  flow  characteristics  in  tube  bank 
configurations  to  enable  condenser  designers  to  overcome  the 
new  problems  with  which  they  are  faced  due  to  increasing 
size  of  the  unit.  Indeed,  the  increased  interest  in  these 
problems  iB  reflected  in  the  growing  volume  of  research  in 
this  field  undertaken  in  recent  years. 
In  a  real  condenser,  however,  it  is  rather  difficult  to 
obtain  measurements  in  the  tube  bank  arrangement  in  order 
to  discover  the  flow  and  heat  transfer  processes  response 
to  changes  of  the  parameters  in  the  exchanger.  It  is  also 
difficult  td  separate  the  influence  of  different  parameters 
due  to  the  complexity  of  the  processes  involved. 
in/ I'  . 
In  order  to  investigate  the  physical  processes  of  flow  and 
heat  transfer  in  tube  banks  and  their  response  to  the  change 
of  different  factors,  it  is  a  common  practice  to  make 
experiments  on  properly  chosent  simple  geometrical  models 
in  which  it  is  possible  to  obtain  data  for  the  local 
parameters  and  to  investigate  the  influence  of  only  one 
Separate  parameter  at  a  time. 
Although  there  are  some  articles  dealing  with  the  measurements 
of  the  mean  as  well  as  the  local  values  of  the  cross  flow 
parameters  in  tube  banks,  the  picture  of  the  detailed 
characteristics  for  the  flow  in  a  condenser  tube  bank  is 
f  ar  from  being  completely  known  due  to  the  complicated 
geometries  and  the  great  number  of  factors  involved  in  the 
process. 
As:  far  as  the  flow  characteristics  in  steam  condensers  are 
concerned,  a  study  of  the  literaure  shows  a  limited  amount 
of  available  data  on  its  detailed  variations  and  in  most 
cases  these  were  obtained  on  tube  arrangements  under 
adiabatic  or  isothermal  flow  conditions. 
To  provide  for  studies  into  the  effect  of  condensation  on  the 
flow  structure  on  a  test  nodel,  a  hydrodynamic  analogy  is 
usually  used.  This  analogy  is  based  on  the  assumption  that 
the  effect  of  the  liquid  phase  of  the  condensate  is-not 
significant  and  condensation  process  is  simulation  by  mass 
extraction  from  the  main  stream  into  the  surface  of  the  test 
model,  e.  g.,,  references  57,70,72  and  227. 
Ilowever/ 5. 
However,,  from  the  literature  survey  it  is  found  that: 
a)  The  discrepancies  and  inconsistencies  between 
different  investigatiohsp  using  different  test  conditions 
and  instrumentation,  make  it  difficult  to  determine  the 
effect  of  the  interaction  of  different  parameters  on  the 
characteristics  of  the  cross  flow  through  the  tube  bank 
arrangements.  Consequently,  qualitative  rather  than 
quantitative  comparisons  are  usually  made. 
b)  The  studies  are  usually  carried  out  for  investigating 
the  effect  of  one  or  two  parameters  on  flow  characteristics 
within  the  bank  and  there  is  no  work  which  is  performed, 
using  the  same  instrumentation  and  test  conditions,  to 
study  simultaneously  factors  such  as  surface  roughness, 
turbulent  intensitiesl  mass  transfer  and  heat  transfer  on 
the  variations  of  these  characteristics  in  the  bank. 
There  is  a  considerable  need  for  more  detailed 
investigations  to  be  carried  out  in  order  to  improve  the 
understanding  of  the  structural  variations  in  the  flow 
characteristics  in  tube  bank  condenser. 
d)  As  far  as  the  thermal  side  of  the  characteristics  is 
concerned,  it  is  of  great  importance  scientifically  as  well 
as  from  the  stand  point  of  design  to  determine  the  variations 
of  the  heat  transfer  around  cylinders  in  cross  flow  in 
general  and  that  on  the  steam  side  in  a  condenser  unit 
in  particular. 
Considering  the  above  mentioned  points,  the  present 
invasticalim/... 6. 
investigation  programme  is  designed  to  study  the  influence 
of  different  parameters  usually  encountered  in  condensers 
on  the  flow  and  heat  transfer  characteristics  around 
circular  models,  whether  for  an  isolated  single  cylinder  or 
tube  bank  arrangement  in  cross  flows. 
While  in  an  actual  condensation  process  heat  and  nass 
transfer  are  coupled  together,  in  that  the  heat  transfer 
rate  is  determined  by  the  condensation  rate,  in  the  present 
work  these  are  decoupled  by  simulating  mass  transfer  by 
mass  extraction  through  the  surface.  This  simulation 
provides  an  opportunity  for  measurements  to  be  realised 
on  the  effect  of  only  one  parameter  separately  and 
independently  from  the  flow  conftions  around  the  test  model. 
Flow  characteristics  such  as  wall  shear  stress,  normal 
pressure  and  heat  transfer  coefficient  distributions  around 
the  cylindrical  models  circumference  are  measured 
simultaneously  using  special  techniques  developed  for  this 
purpose.  Measurements  are  carried  out  over  a  limited 
range  of  mass  extraction,  surface  roughness,  turbulence 
intensity,  heat  loads  and  Reynolds  number. 
Except  for  the  effect  of  gravity  on  the  condensate 
drainage,  the  present  work  is  connected  to  the  condensation 
on  vertical  tube  exchangers  in  a  cross  flow  of  vapour. 
These  are  found  primarily  in  the  previous  forms  of  vertical 
tube  evaporators.  Some  of  the  steam  condensers  are 
occasionally  built  to  operate  in  this  manner.  The 
cleaning  problem  is  one  of  the  main  reasons  which  make  the 
vertical/... 7. 
vertical  tube  condensers  not  as  common  in  industrial 
practice  as  horizontal  tube  condensers.  Whereas  this 
problem  does  not  limit  the  design,  it  seems  that  vertical 
tube  condensers  deserve,  more  serious  consideration  and  an 
accurate  method  for  predicting  its  flow  and  heat  transfer 
characteristics  becomes  of  considerable  importance. 
For  such  types  of  condensers  there  are  only  a  few 
publications  reported  in  the  literature.  Even  then, 
there  are  quite  a  number  of  limitations  on  the  variables 
studied  and  in  most  cases  only  overall  characteristics 
have  been  obtained.  In  general,  the  subject  of  flow 
characteristics  within  vertical  tube  condensers  has  not 
received  enough  attention  as  that  for  the  non-condensing 
medium  because  of  the  experimental  difficulties  involved  in 
the  subject. 
From  the  thermal  stand  point,  it  was  shown  (207)  that  with 
steam  flowing  at  fairly  high  velocity  across  such  condensers, 
it  blows  away  the  condensate  liquid  which  is  carried  downstream 
with  the  main  flow.  Under  such  circumstances,  the  heat 
transfer  rate  must  approach,  as  mass  flow  increases,  the 
limiting  value  of  the  interface  coefficient  (254).  In 
the  present  work,  however,  an  effort  was  made  to  determine 
variations  of  the  heat  transfer  coefficient  around  the  test 
model  and  along  the  depth  of  the  tube  bank  over  a  limited 
range  of  variables. 
1.2.  Aim  and  scope  of  the  present  work 
The  aim  of  this  investigation  wasp  therefore,  to 
determine/ 8. 
determine  the  effect  of  individual  parameters  such  as 
surface  roughness,  turbulent  intensityl  mass  transfer,  heat 
load  and  Reynolds  number  on  the  simultaneously  measured 
flow  and  heat  characteristics  such  as  wall  shear  stress, 
pressure  drag  and  heat  transfer  rate  on  single  cylinders 
and  tube  bank  models  for  a  vertical  tube  condenser  in  cross 
flow  of  vapour. 
The  separation  of  the  influence  of  different  parameters  on 
the  flow  characteristics  was  straight-forward  except  for 
the  case  of  the  heat  and  mass  transfer  in  the  condenser 
model.  In  order  to  separate  between  these  two  effects, 
with  provision  for  measuring  flow  local  parameters,  it 
was  found  necessary  to  decouple  the  heat  and  mass  transfer 
phenomena. 
Recognising  the  difficulties  faced  by  other  research 
workers  and  to  provide  for  the  aforementioned  requirement, 
mass  extraction  through  the  porous  wall  of  a  test  cylinder 
offered  a  convenient  method  for  decoupling  the  effect  of 
heat  and  mass  transfer.  In  this  way  the  rate  of  mass 
transfer  extracted  could  be  separately  controlled  to  any 
desired  value  independent  of  the  flow  conditions.  Of 
course,  in  this  case,  the  condensate  is  regarded  as  a 
solid  (250)  and  the  effect  of  the  liquid  phase  on 
the  cross  flow  is  neglected  (72).  Due  to  the  very  small 
thickness  of  normal  condensate  layer  (219)  the  local 
measurements  of  the  flow  parameters  were  then  carried  out 
on  the  surface  of  the  test  cylinder. 
it/ 9. 
It  was  decided  that  the  investigation  programne  should  be 
divided  into  four  main  parts: 
Developrient  of  an  instrument  which  would  be  capable 
of  providing,  accurately,  the  necessary  information  about 
the  distribution  of  the  shearing  forces  on  the  surface  of  a 
circular  cylinder  in  an  external  cross  flow. 
2)  An  investigation  into  the  effect  of  different 
parameters  such  as  surface  roughness,  turbulent  intensity 
and  Reynolds  number  on  the  flow  local  characteristics 
around  the  test  models. 
3)  A  study  of  the  influence  of  mass  transfer  with 
Reynolds  number  on  the  cross  flow  around  the  circumference 
of  the  test  models  under  adiabatic  flow  conditions. 
An  investigation  into  the  effect  of  simultaneous 
heat  and  mass  transfer  at  different  Reynolds  numbers,  in 
non  isothermal  conditions,  on  the  simultaneously  measured 
distributions  of  wall  shear  stress,  normal  pressure  and 
heat  transfer  coefficient  around  the  perimeter  of  the  test 
models. 
Part  (1)  above  was  completed  after  about  eighteen  months 
work.  Chapter  2  gives  a  review  for  the  available  ' 
techniques  for  measuring  wall  shear  stress  together  with  an 
analysis  and  an  overall  assessment  of  different 
instruments  used  in  this  field. 
Chapter/.  .9 10. 
Chapter  3  gives  the  theory  behind  the  developed  instrument 
together  with  its  functional  description.  The  mechanical 
and  electronic  construction  are  also  given.  A  theoretical 
analysis  of  the  automatic  control  system  showing  the 
limitations  imposed  on  the  design  is  demonstrated. 
It  was  intended  to  design  the  developed  instrument  with 
the  mininum  possible  dimensions,  so  it  could  be  fitted  on 
to  the  middle  length  of  a:  test  cylinder  with  a  practical 
size  for  condenser  tubing.  However,  in  addition  to  the 
practical  limitations  imposed  on  the  dimensions  of  the 
instrument  itself,  there  were  other  factors  which  played 
a  part  in  deciding  the  final  size  of  the  test  cylinder. 
For  example,  it  was  necessary  to  provide  forthe  uniformity 
of  suction  vdlocity  around  the  cylinder  together  with 
provisions  for  the  cooling  of  its  inner  surface  area.  All 
these  restrictions  combined  together  resulted  in  a  minimum 
dimension,  for  the  test  cylinder,  of  76.2/63.5  mm  OD/ID. 
Although  the  flow  conditions  on  a  condenser  tube  is  a 
three-dimensional  one,  the  experiments  are  performed  in  a 
nominallytwo-dimensional  manner.  An  experimental  apparatus 
with  a  wind  tunnel,  suction  made,  is  designed  for  the  study. 
Chapter  5  gives  a  description  for  the  detailed  construction 
of  different  parts  in  the  experimental  rig. 
Chapter  6  shows  some  preliminary  results  using  the 
developed  instrument  for  measuring  the  shedding 
frequency  for  a  single  cylinder  in  cross  flow.  The  main 
purpose/ ii. 
purpose  of  these  measurements  was  to  show  the  reliability 
of  the  new  instrument  for  determining  not  only  the  'static' 
characteristics  of  the  flow  as  the  time  average  values  of 
the  shearing  force  distribution  but  also  the  'dynamic' 
characteristics  of  the  flow  around  a  circular  cylinder  in 
cross  flow. 
Chapter  7  shows  the  investigations  for  part  (2)  in  the 
above  programme.  The  simultaneously  measured  results 
show  the  variations  in  the  flow  characteristics  around  a 
single  cylinder  in  cross  flow  as  a  direct  influence  of 
variations  in  the  surface  roughness  and  turbulent  intensity 
in  the  incident  stream,  Two  surface  roughnesses  were 
used,  one  was  aerodynamically  smooth  while  the  other  had 
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a  roughness  parameter  of  Ks/D  about  53  x  10-  .  Besides, 
two  levels  of  the  turbulent  intensity  are  used  with 
intensity  in  the  main  stream  direction  of  1.2  and  6  per 
cent.  The  range  of  the  Reynolds  number  used  was  that 
from  27000  up  to  70000  based  on  the  cylinder  diameter  and 
the  main  stream  velocity. 
It  is  understood  that  this  range  for  Re,  in  general,  is 
higher  than  the  values  usually  encountered  in  conventional 
condensers,  nevertheless,  it  is  still  useful  since  the 
Reynolds  number  can  occasionally  reach  quite  a  high  value 
(141).  Of  course,  it  could  have  been  worthwhile  to  extend 
the  Reynolds  number  range  to  a  lower  limit  than  that  used, 
but  the  minimum  value  which  is  set  by  the  minimum  flow  rate 
of  the  exhaudter  on  the  rig  was  about  15000.  However,  the 
present  values  of  Re  are  within  the  subcritical  range. 
Experiments/.,, 12. 
Experiments  were  to  be  performed  using  different  types  of 
tube  bank  arrangements  but  for  practical  reasons  the  study 
is  limited  to  only  one  type  of  tube  arrangement,  i.  e., 
i!  staggered  type.  It  is  of  the  equal  pitches  type  with  a 
pitch  diameter  ratio  of  1.5. 
Except  for  measurements  of  the  overall  characteristics  on 
the  tube  bank,  e.  g.,  pressure  drop,  the  range  of  the  main 
stream  Reynolds  number  is  limited  in  some  cases  to  three 
particular  values,  namelyr  27tOOO,  47,000  and  70,000. 
Chapter  7  shows  also  the  total  pressure  across  the  bank 
with  different  depth  and  the  bank  entrance  effect  is 
demonstrated  and  results  are  compared  with  the  available 
data  and  correlations  from  the  literature.  Measurements 
of  the  wall  shear  stress  distribution  around  the  test  models 
are  compared  with  the  approximate  theories  for  the 
boundary  layer  flows  and  comparisons  are  presented. 
Chapter  8  demonstrates  the  investigation  for  part  (3)  in 
the  programme  of  studies  for  single  cylinder  and  tube  bank 
a  rrangement.  The  effect  of  mass  extraction  on  the 
simultaneously  measured  distributions  for  wall  shear 
stress  and  pressure  drag  is  shown.  Also,  the  influence 
of  suction  on  the  boundary  layer  separation  and  transition 
due  to  the  combined  effect  of  mass  transfer  and  Reynolds 
number  is  shown  for  suction  parameter  CO  /We-  from  0.  to 
1.13. 
Chapter/... 1  -j  . 
Chapter  9  showiý  the  study  for  part  (4)  in  the  investigation 
programme  and  the  simultaneously  measured  distributions  of 
wall  shear  stress,  normal  pressure  and  heat  transfer 
coefficient,  around  the  test  models  are  presented.  The 
effect  of  the  viscosity  gradient,  due  to  the  non-isothermal 
conditions  at  the  cylinder's  wallt  on  the  measurements  of 
the  shearing  forces  around  the  model  is  demonstrated.  The 
influence  of  the  simultaneous  heat  and  mass  transfer  on  the 
local  parameters  for  different  Reynolds  numbers  is  presented. 
The  heat  transfer  coefficient  distributions  around  the 
perimeter  of  the  test  model  and  along  the  depth  of  the  tube 
bank  are  presented  for  the  range  of  suction  and  Reynolds 
number  previously  mentioned  over  a  heating  load  range  from 
6  to  18  watt  /Cm2  based  on  the  total  heat  input  and  the 
area  of  the  workinU  section. 
Chapter  10  shows  flow  visualisation  around  a  single  cylinder 
and  an  inner  tube  in  a  bank  in  a  cross  flow  with  emphasis 
on  the  effect  of  suction  on  the  flow  pattern  around  the  test 
models  used. 
Chapter  11  demonstrates  the  effort  made  to  build  a 
theoretical  model  for  the  case  of  a  cylinder  with  suction 
in  a  cross  flow. 
Chapter  12  lists  the  main  conclusions  of  the  present  work 
together  with  the  author's  thoughts  on  how  future  work  in 
this  field  should  be  continued  to  reach  as  close  as 
possible  to  the  full  picture  of  the  flow  and  heat 
characteristics  in  vertical  tube  bank  condensers. 14. 
Nomenclature 
A  cross  sectional  area 
a  cylinder's  radius 
b  distance  between  photocells  and  pivots 
C  constant  (equation  4.4) 
Cd  pressure  drag  (equation  5.6) 
CF  coefficient  of  friction  (equation  2.3) 
CF  friction  contribution  to  total  drag  (equation  7.4) 
CP  pressure  coefficient  (equation  7.1) 
CQ  suction  to  main  flow  velocity  ratio 
d  height  of  surface  tube  opening  (equation  2.2) 
d,  diameter  of  Preston's  tube  (equation  2.3) 
d  distance  from  the  wall  where  velocity  equals 
Ul  (equation  2.6) 
d  cylinder  diameter  (equation  6.1) 
D  cylinder  diameter 
DV  hydraulic  diameter  (equation  4.7) 
D  blockage  ratio  R 
Eu  Buler's  number 
f  friction  factor  (equation  4.4) 
FSP  front  stagnation  point  on  the  cylinder  surface 
h  height  of  surface  tube  (equation  2.4) 
h  heat  transfer  coefficient  (equation  9.2) 
H  length  of  the  test  cylinder  (equation  7.10) 
U(s)  transfer  function  (equation  3.1) 
i  moment  of  inertia 
Kf  friction  factor  (equation  7.3) 
KD  pressure  drag  contribution  to  total  drag  (equation  7.2) 15. 
KS  thermal  conductivity  (equation  9.1) 
KS  roughness  equivalent  diwie-ter  (table  7.2) 
11 
s  roughness  parameter  (table  7.2) 
U- 
constant  (equation  2.7) 
K0  velocity  feed  back  factor 
K1  proportional  factor  ) 
)  (equation  3.1) 
K2  integral  factor 
L  length  of  the  heated  surface  probe  (equation  2.1o) 
L  longitudinal  pitch  to  diameter  ratio  (equation  4.1) 
MP  shearing  moment 
Mq  balancing  moment 
n,  m  constants  (equation  4.13) 
Nu  Nusselt's  number 
N  number  of  major  flow  restrictions  (equation  4.1) 
n  shedding  frequency  (equation  6.1) 
P  shearing  force  (equation  3.1) 
AP  pressure  head  from  Preston's  tube  (equation  2.3) 
AP  total  pressure  drop  (equation  4.1) 
PW  wake  pressure  (equation  7.3) 
P  normal  pressure  on  the  solid  surface 
Pr  Prandtl's  number 
Q  balancing  force  from  the  magnetic  field 
q  Heat  flux 
Re  Reynolds  number 
S  Strouhalls  number  (equation  6.1) 
SL  centre-to-centre  distance  (equation  4.7) 
t  temperature 
T  transverse  pitch  to  diameter  ratio  (equation 
T.  L.  turbulence  level 
Tu  turbulence  level 16. 
U  flow  velocity  component  parallel  to  the  surface 
U  flow  velocity 
u  shear  velocity  TW 
Ul 
velocity  measured  by  surface  tube  (equation  2.2) 
ul  rms  axial  fluctuations 
X  curvilinear  ordinate  parallel  to  cylinder  surface 
y  curvilinear  ordinate  normal  to  cylinder  surface 
T  shear  stress 
11  coefficient  of  viscosity 
V  kineriatic  viscosity 
displacement  of  the  surface  tube's  effective  centre 
(equation  2.4) 
thermal  diffus.  ivity  (equation  2.10) 
e  angle  measured  from  the  FSP  on  the  cylinder  surface 
C  Reynolds  flux 
ý3  natural  frequency 
n 
damping  coefficient 
P  density 
Subscripts 
a  approach  to  the  model 
av  average  value 
c  corrected  for  blockage 
d  diameter  of  the  tube 
h  for  heat  transfer  calculations 
i  inner  diameter 
m  mean  value 
max  maximum  value 
0  outside  diarmter 
P  for  pressure  drop  calculations 17. 
x  value  at  positive  x  from  the  FSP 
z  value  for  the  Zth  row 
w  value  at  the  wall,  i.  e.,  y=o 
ico  in  the  undisturbed  main  stream 
Wi  value  at  the  inner  surface  of  the  cylinder 
wo  value  at  the  outer  surface  of  the  cylinder 
0  value  at  angle  0f  ron,  the  FSP 13. 
CHAPTER  2. 
Measurements  of  Shear  Stress  on  Solid  Boundaries 
2.1  Introduction 
An  object  moving  through  a  real  fluid  with  a 
relative  velocity  to  the  body  of  the  fluid  experiences  a 
fluid  resistance  to  its  motion.  The  existence  of  the  wall 
of  the  object  has  a  strong  influence  on  the  velocity  profile 
in  its  vicinity  and  energy  is  dissipated  as  viscous  shearing 
forces  which  is  proportional  to  the  velocity  gradient  at  the 
surface. 
Most  of  investigations  into  the  nature  of  the  flow  in 
bowdary  layers  involve  a  kaowledge  of  this  sort  of 
resistance  which  is  called  skin  friction  or  wall  shear  stress. 
The  contribution  of  such  resistance  to  the  total  resistance 
of  the  object  varies  from  representing  a  significant  part  ol 
it,,  for  flat  plates  for  instance,  to  just  a  few  per  cont  of  the 
resistance  for  the  case  of  a  circular  cylinder  in  a  cross  flow. 
it  is  highly  desirable,  both  from  practical  and  theoretical 
stand  points,  that  the  accuracy  of  the  skin  friction 
determination  should  be  improved.  A  better  understanding 
of  the  flow  dynamics  of  mioving  objects  demands  accurate 
measurements  of  the  skin  f  riction. 
Such  neasurements  have  so  far  proved  to  be  difficult  to 
accomr)li,  sh.  According  to  Thwaites,  "to  measure  accurately  .1 
the  skin  friction  is  aiý  exceedingly  difficult  task  which 
stands  as  a  perpetual  challenge  to  the  experimenter".  The 
I 
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only  flow  configuration  for  which  skin  friction  is  known 
with  some  confidence  is  t1le  case  of  fully  developed  flow  in 
circular  cross  section,  small  diameter  long  pipes  where  the 
skin  frictionr  through  a  momentum  balance,  may  be 
deduced  from  measurements  of  pressure  drop.  For  an 
immersed  body,  the  relationship  between  the  pressure  drop 
and  skin  friction  is  not  clear  and  a  different  approach 
must  be  adopted  in  order  to  estimate  the  wall  shear  stresses. 
The  situation  becomes  more  complicated  whenever  turbulent 
boundary  layers  exist  since  a  relationship  for  the  shearing 
stresses  due  to  turbulent  exchange  is  not  known  (1).  In 
such  cases,  the  necessary  data  for  wall  friction  must  be 
determined  by  experimental  methods. 
Under  the  assLunption  of  continuem  flow  and  no  slip  of  the 
real  fluids  at  the  solid  boundaries,  the  shear  stress  T  at 
any  point  on  the  solid  boundaries  is  defined  and  given  by 
the  Newton's  formula  N 
Y=O 
2.1 
where  p  and 
2-u 
are  the  dynamic  viscosity  and  the  velocity  By 
gradient  at  the  solid  boundary.  This  is  a  general  formula 
which  is  valid  for  both  laminar  and  turbulent  boundary 
layers.  Any  attempt  to  estimate  the  skin  friction  must 
satisfy  the  above  expression  by  measuring  the  quantities  on 
either  side  of  the  equality  sign.  Methods  which  endeavour 
to  measure  quantities  on  the  RHS  of  the  equality  sign  are 
usually  called  indirect  methods  for  measuring  the  skin 
friction.  Methods  which  endeavour  to  measure  the  LHS  of 
the/ 20. 
the  above  expression  are  called  direct  methods  for 
measuring  the  skin  friction.  In  the  next  part  both 
types  of  methods  will  be  dealt  with  in  more  detail. 
It  must  be  understood  that  the  present  chapter  is  not 
intended  to  give  a  comprehensive  review  for  all  the 
existing  methods  for  skin  friction  measurements,  which  is 
outside  the  scope  of  the  present  work,  instead  it  was 
decided  to  give  a  general  outlook  at  the  main  devices  used 
in  this  field  with  an  overall  assessment  for  each  one  of 
them. 
2.2.  Indirect  skin  friction  measurements 
This  category  includes  attempts  made  to  measure  the 
skin  friction  by  any  means  other  than  the  direct  measurements 
of  the  skin-friction  force  itself.  Normally,  these  include 
devices  for  measuring  the  velocity  gradient  at  the  surface 
(from  measurements  of  the  velocity  distribution  across  the 
boundary  layer  thickness)  to  satisfy  the  RHS  of  expression 
2.1.  The  most  commonly  used  devices  for  this  purpose  are 
Total  head  tubes 
2,2.2.  Hot  wire  anemometer 
Amongst  this  category  are  devices  which  measure  physical 
quantities  related  to  skin  friction  at  the  solid  boundary 
such  as  : 
2.2.3.  Surface  tubes 
2.2.4.  Surface  heated  probe 21. 
2.2.1  Total  fiead  tube 
M  estimation  of  skin  friction  by  a  total  head  tube 
involves  the  measurements  of  the  velocity  distribution 
throughout  the  thickness  of  the  boundary  layer.  This  is 
i  normally  carried  out  in  the  narrow  region  in  the  imediate 
vicinity  of  the  surface  wAere  the  whole  of  the  influence  due 
to  the  solid  boundary  i.  -tay  be  considered  to  operate.  This 
is  achieved  by  measuring  the  impact  pressure  (time  average) 
at  the  mouth  of  the  probe  in  relation  to  its  height  normal 
to  the  surface  of  the  object,  together  with  static  pressure 
measurements  at  the  same  section.  In  the  case  of  a  bow)-dary 
layer  flow,  experir,,  ients  (2,3)  showed  that  the  variation  of 
static  pressure  across  the  boundary  layer  was  negligilile. 
Consequently,  the  static  pressure  could  be  measured  by  a 
Jhe  total  head  probes  single  tapping  on  the  surface.  r, 
usually  used.  for  scanning  the  boundary  layer  thickness  can 
be  circular  of  a  very  small  diameter,  e.  g.,  1.4  mm  (4)  or 
a  small  bore  tube  with  its  tip  flattened  out  to  forr..  i  a 
narrow  rectangular  rtiouth.  Tile  flattened  end  height  can  be 
as  small  as  0.2  mm  and  2  mm  wide  (5).  O'Donnell  (6)  used 
a  probe  with  a  width  to  height  ratio  of  4.8  and  claimed 
that  the  results  from  such  a  probe  are  satisfactory  as  long 
as  the  ratio  of  the  probe  height  to  boundary  layer  thickness 
was  no  greater  than  0.22.  The  rectangular  opening  of  the 
probe  should  be  aligned  perpendicular  to  the  direction  of 
the  flow  with  its  narrow  side  normal  to  the  surface  and 
should  be  free  of  burrs  and  imperfections.  The  probe  is 
mounted  on  a  micrometer  traversing  mechanism  from  either 
underneath  or  above  the  surface  (7)  and  the  static  pressure 
orifice  used  witfi  this  sort  of  device  could  be  0.9  m-n 
diameter  drilled  perpendicular  to  the  surface.  The  zero 
Positi_qnj. 
_.  _-. position  of  the  probe  can  be  obtained  visually  using  a 
traversing  microscope  or  electrically  using  an  electric 
circuit  which  is  energized  when  the  probe  makes  contact 
with  the  surface  or  optically  with  a  cathetometer  and  dial 
gauge  (8).  These  methods  were  reported  (5)  to  give  an 
accuracy  in  indicating  the  zero  position  within  0.02  mm  if 
both  wall  and  probe  were  kept  clean  and  free  of  all  foc(:; 
--'.  cjn 
matter.  Normally  the  probe  had  a  "Shepherd's  Crook"  form 
so  that  readings  could  be  obtained  with  it  practically 
touching  the  wall.  The  difference  between  the  impact 
pressure  recorded  by  such  probes  and  that  of  a  static  probe 
is  proportional  to  pu2,  assuming  that  the  static  pressure 
along  each  normal  line  is  constant  and  equal  to  that 
measured  at  the  wall(9).  Some  investigators,  however, 
mounted  both  total  head  pro'j-)e  and  static  pressure  probe 
onto  the  velocity  measurement  traversing  mechanism  (10). 
Signals  fr6m  the  probe  could  be  read  using  a  precision 
alcohol  manometer  of  the  Zahra  type  (2).  or  a  manometer  type 
filled  with  a  tetrabromoethane  fluid  (5).  Dutton  (11) 
used  a  very  small  rectangular  probe  which  was  0.12  rim  in 
height  and  the  minimum  possible  distance  (12)  close  to  the 
surface  was  0.012  nun. 
It  is  believed  that  the  largest  source  of  error  is  that  of 
the  distortion  of  the  boundary  layer  due  to  the  presence  of 
the  probe  (13).  The  slower  stream  lines  near  the  wall  sensing 
being.  displaced  sidewards  and  the  faster  stream  lines, 
located  away  from  the  wall,,  being  displaced  towards  the 
wall.  This  could  account  for  a  probe  near  the  wall 
higher  velocities  than  would  normally  be  expected.  Where 
the/... 23. 
the  probe  intorference  is  significant  (6),  the  effect  was 
either  to  cause  early  transition  of  the  laninar  boundary 
layer  or  to  distort  the  velocity  profile  so  that  higher 
average  skin  friction  was  measured.  Factors  which  could 
affect  the  accuracy  of  velocity  measurements  by  total  head 
probe  are  as  follows  : 
Local  Reynolds  number  of  the  probe 
Possible  static  pressure  variations  within  the 
boundary  layer 
Allowance  for  turbulent  components 
Displacement  of  effective  centre  near  the  wall 
Error  in  zero  adjustment  in  both  touching  and 
leaving  the  model's  surface. 
While  Monaghan  and  Johnson  (14)  reported  no  effect  of  the 
probe  size,.  until  it  was  touching  the  wall,  O'Donnell  (2) 
reached  the  conclusion  that  the  smaller  the  height  of  the 
rectangular  opening  the  more  accurate  the  measurement  of 
skin  friction. 
2.2.  Hot  wire  anertionieter 
Hot  wire  anemometry  is  used  for  the  measurement  of 
the  raean  velocity  in  boundary  layers  at  low  speeds  where 
the  effect  of  compressibility  can  be  neglected.  Usually 
the  hot  wire  anemometer  is  used  as  a  calibrated  instrument. 
In  principle  it  depends  for  its  application  on  the  heat  loss 
from  a  small  diameter  wire  which  is  electrically  heated. 
Normally,  the  wire  is  made  from  a  t:  angsten  allay  0.01  mm 
diameter.  Therefore  for  a  given  temperature  difference 
between  the  heated  wire  and  the  surrounding  mediuln,  the 
amount/... 24. 
amount  of  heat  transferred  is  proportional  to  the  square 
root  of  the  mass  flow  rate  (15).  Bradshaw  (17)  used  a  hot 
wire  fixed  just  above  the  surface  to  measure  the  velocity, 
then  calculated  the  skin  friction.  Wires  of  0.005  m 
diameter  platinium-rhorium,  alloy  were  used.  The  height  of 
the  wire  above  the  surface  was  nominally  0.05  mm.  The  wire 
length  was  about  2  mm  fed  with  a  constant  current  of  40  m.  A. 
The  conduction  of  heat  to  the  wall  is  always  a  source  of 
trouble  when  a  hot  wire  is  used  very  close  to  a  surface  (16).  It 
was  shown  (17)  that  a  wire  ten  diameters  from  a  perfectly 
conducting  wall  loses  30  per  cent  of  heat  supplied  to  it  by 
conduction  to  the  wall.  With  a  hot  wire  anemometer  in  use, 
the  distance  of  closest  approach  to  the  solid  wall  was 
about  0.03  mm  (145).  Preston  (18)  described  the  factors 
affecting  the  accuracy  of  velocity  measurements  by  hot  wires 
as  follows 
Dust  affecting  consistence  of  calibration 
Effect  of  radiation,  conduction  and  convection 
when  close  to  a  surface. 
The  main  conclusion  is  that,  the  behaviour  of  hot  wires,  like 
that  of  total  head  probes  and  the  boundary  layer  should  be 
thick  to  accommodate  the  probe.  Due  to  the  physical 
dimensions  of  the  probe,  velocity  cannot  be  measured  right 
up  to  the  wall  and  the  velocity  profile  has  to  be  extrapolated 
to  the  wall.  Such  an  extrapolation  could  cause  a 
significant  error  especially  when  the  boundary  layer  thickness 
is  small. 25. 
2.2.3.  Surface  Tubes 
2.2.3.1.  Stanton  tube 
With  the  validity  of  the  inner  velocity  law  f 
U* 
(yu*)  a  shearing  stress  measurement,  in  theory,  will  be  a  V 
simple  matter.  It  simply  calls  for  a  measurementcE 
velocity  at  any  distance  y  and  then  the  solution  of  the 
equation  of  the  Jnner  law  of  the  velocity  to  get  u*.  The 
result  will  be  the  shearing  stress.  But,  practically,  the 
velocity  must  be  measured  at  very  small  distance,  within  the 
laminar  sublayer  where  the  inner  law  is  applicable 
with  some  confidence.  It  has  been  suggested  that  the 
solid  surface  in  a  turbulent  flow,  for  flow  mean  speeds 
ýbove  the  critical,  there  may  exist  a  thin  layer  in  which 
the  flow  is  laminar  in  character.  Assuming  no  slip  at  the 
solid  wall,  the  shear  stress  could  be  determined  from  the 
slope  of  the-velocity  profile  in  that  layer,  which  is  called 
the  laminar  sublayer,  and  the  coefficient  of  viscosity  of 
the  fluid  expressing  this  in  symbols,  the  boundary  condition 
du 
is  P 
(lim 
(ily-) 
)=T. 
But  the  smallest  rectangular  total 
head  probe  (12)  was  0.1  x  0.8  mm.  In  order  to  come  even 
closer  to  the  wall,  the  wall  of  the  total  head  probe 
adjacent  to  the  wall  was  removed  and  replaced  by  the  solid 
surface  itself.  By  carrying  the  outer  wall  of  the  probe 
on  a  traverse  micrometer  it  was  possible  to  obtain 
readings  up  to  the  solid  wall.  As  Stanton  was  the  first 
to  use  this  type  of  device  it  was  named  after  hiril. 
Therefore,  the  Stanton  tube  is  a  special  type  of  total 
head  probe  in  which  the  inner  wall  of  the  tube  is  formed 
by  the  surface  itself.  Stanton  showed  that  in  a  turbulent 
flow  there  exists  a  thin  layer  of  fluid  in  laminar  motion, 
which/... 26. 
which  has  zero  velocity  at  the  solid  boundary.  Since  the 
velocity  changes  rapidly  near  the  surface,  the  velocity 
gradient  can  only  be  predicted  reliably  when  the  velocity 
observations  are  taken  very  close  to  the  surface.  Fage 
and  Falkner  (9)  used  a  similar  type  of  surface  tube  to 
that  of  Stanton  with  a  slight  modification.  Then  the 
probe  was  constructed  on  the  top  of  a  circular  rod  of 
diameter  5  mm  designed  to  pass  through  holes,  with  a  very 
small  clearance,  in  the  surface  of  the  model.  The  outer 
wall  of  the  tube  was  formed  by  a  thin  steel  cap,  ground  at 
the  front  edge  to  a  thickness  of  0.015  mm.  A  hole  of  fine 
bore  drilled  along  the  axis  of  the  rod  served  to  transmit  the 
pressure  at  the  mouth  of  the  tube  to  a  manometer.  The 
tube  then  had  to  be  calibrated  to  determine  the  position  of 
the  "effective  centre"  corresponding  to  the  speed  deduced 
from  the  neasured  pressure.  Taylor  (19)  called  the 
Stanton  tube  a  half  pitot  tube.  Such  half  tubes  were  used 
by  Fage  and  Falkner  (23)  to  measure  the  skin  friction  on 
aerofoil.  These  tubes  were  calibrated  in  a  rectangular 
pipe  under  laminar  flow  conditions  for  which  skin  friction 
could  be  calculated.  A  special  design  for  the  Stanton 
tube  vias  used  to  rmasure  the  skin  friction  in  the  separated 
and  recirculation  region  C7).  The  probe  unit  had  one 
upstream  facing  line  and  another  similar  rearward  facing 
line,  with  height  0.05  -  0.15  mm.  But  there  was  a  risk 
of  air  leakage  between  tile  forward  and  tile  rearward  facing 
holes.  It  was  recommended  zhat  the  probe  should  be 
calibrated  in  similar  conditions  to  those  in  which  it  is 
going  to  be  used.  Several  types  of  the  Stanton  tubes 
were  investigated  C29)  where  steel  wedges  7.6  mm  in  height 
were  screvied  to  the  surface  to  leave  a,  gap  about  0.12  mm 
---,  - 
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high.  Hool  (20),  Smith  (21),  Winter  and  Smith  (22) 
modified  the  technique  and  used  razor  blades  soldered  to 
the  surface  giving  a  gap  of  about  0.076  um.  Fage  and 
Falkner  (23)  used  a  modified  Stanton  tube  by  placing  a 
sharp  knife  edge  approximately  0.005  mm  above  an 
ordinary  pressure  orifice  at  the  measurement  point.  The 
.  pressure  rise  below  the  knife  edge  with  respect  to  the 
undisturbed  static  pressure  gives  a  measure  of  the  wall 
shear  stress.  Bellhouse  (24)  and  Bellhouse  and  Schultz 
(25)  used  Stanton  tubes  together  with  a  static  pressure 
orifice  to  detect  the  separation  location  (when  the 
reading  from  the  tube  equalled  the  local  static  pressure). 
Hool  (20)  developed.  a  simple  empirical  correlation  to 
provide  means  of  determining  approximate  values  of  skin 
friction  from  values  of  the  surface  velocity  ul.  The 
correlation  reads  as  follows 
0.481  ul  Ia25p0-25  (p/d)  0e  75  2.2 
Wyatt  and  East  (26)  devised  a  very  simple  type  of  surface 
tube  by  attaching  a  razor  blade  segment  magnetically  to 
the  model  by  small  magnet  flush  with  the  surface.  This 
way  of  mounting  improves  on  the  soldered  technique  in 
coping  with  a  flow  whose  direction  changes  with  incidence. 
In  such  cases  the  direction  could  be  determined  using  the 
oil  flow  visualisation  technique  (27)  and  then  aligning 
the  segment  with  the  surface  flow  direction.  Moreover, 
the  gal)  height.  could  be  measured  accurately  as  half  the 
blade  thickness  which  can  be  predetermined  accurately 
using  a  sensitive  nicrometer.  This  improves  on  tl,.  e 
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optical  neasureTtiants  of  the  gap  height  in  the  case  of 
soldered  razors  to  an  accuracy  of  about  0.  (--)l  Puti,  which 
gives  arj  error  in  the  gap  hej.  ý)Iit  about  20  per  cent  for 
0.05  mm  gap.  In  spite  of  all  these  attractive  points 
there  are  two  sources  of  possible  error,  the  first  is  the 
possible  leakage  between  the  razor  blade  and  the  riiagnet 
surface  such  as  was  reported  in  reference  9,  the  second  is 
the  error  due  to  possible  movement  at  the  rear  of  the  razor 
blade.  A  rear  displacement  of  0.01  ii.  m  would  lead  to  a 
15  per  cent  reduction  in  the  registered  skin  friction  with 
0.05  rprLi  blade.  Bradshaw  and  Gregory  (17)  used  a  square 
hole  and  a  piece  of  meta'11.  shim  with  a  chamfered  leading  edge 
while  Smith  et  al  -(21)  ground  away  most  of  'Eh-C  Xrazzor  blade 
above  the  sharp  leading  edge  in  t1ileir  surface  tW-_,  e.  his 
technique  was  used  by  Turner  and  Walker  (28)  in  a  sleader 
wing  free  '-"L*i,:  4ht  model  in  order  to  establisil  the  ratio 
between  the  rms  pressure  fluctuations  and  local  skin  friction. 
The  sort  of  surface  tubes  mentioned  above,  showed  sensitivity 
to  dust  contaminated  flow.  Special  care  had  to  be  taken  to 
ensure  that  the  tubes  did  not  become  partially  blocked  during 
each  run.  Moreover,  the  time  required  for  the  tests  represent 
one  of  the  disadvantages  of  such  devices  (.  29).  Another 
difficulty  is  the  alignment  of  the  narrow  opening  (which  must 
project  into  the  boundary  layers)  with  the  flow  direction. 
This  necessitates  small'sizes  and  accurate  machining  and 
positioning  to  give  readings  close  to  the  surface  and,  at  the 
same  time,  cause  minimum  disturbances.  This  type  of  device 
has  a  drawback  in,  its-slow  response'  which  makes  it  unsuitable 
for  measurements  in  unsteady  flow.  There  is  also  a  tendency 
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for  the  mouth  6f  the  tube  to  become  partially  blocked  with 
fine  dust  particles  and  it  is  necessary  to  clean  out  the 
mouth  of  the  probe  on  occasions  and  whenever  this  is  done 
the  tube  has  to  be  recalibrated  in  order  to  account  for  the 
small  alterations  in  the  shape  of  the  mouth  which  occurred 
during  the  cleaning  process.  One  of  the  major  troubles  is 
the  possibility  of  leakage  occurring  at  the  edge  of  the 
outer  wall  (9).  The  surface  tube  depends  on  the  fluid 
density  and  viscosity  which  calls  for  recalibration  of  the 
unit  for  use  in  different  fluids  and  temperatures.  Bradshaw 
(17)  mentioned  that  an  application  of  laminar  calibration  to 
the  turbulent  flow  gives  incorrect  answers  for  skin  friction. 
Moreover,  the  turbulent  veloc-4ty  fluctuates  in  the  linear 
sublayer  and  the  static  pressure  fluctuations  at  the  wall 
below  the  turbulent  boundary  layer  may  influence  the  shear 
stress  results  as  the  rms  of  the  latter  is  about  the  same 
order  as  the  wall  shear  stress.  Smith  (21)  showed  that  it 
is  difficult  to  give  precise  estimates  of  the  accuracy  of 
the  calibration  procedure  due  to  uncertainties  about  the 
expected  value  of  shearing  stress.  The  accuracy  was  found 
to  range  up  to  ±  25  per  cent.  The  major  source  of 
inaccuracy  of  the  calibration  curve  arises  from  errors  in 
measuring  the  gap  height  h.  Here  the  accuracy  might 
improve  with  modern  techniques.  Errors  can  result  if  the 
size  of  the  static  hole  "d"  was  too  small  and  Smith  (21) 
suggested  that  providing  dJh  >3  the  standard  calibration 
can  be  used.  Bradshaw  (171  has  shown  that  the  effect  of 
finite  static  hole  size  on  the  recorded  pressure  is 
considerable.  The  largest  source'of  error  in  the 
measured  "Ap"  was  likely  to  be  from  insufficient  accuracy  in 
positioning  of  the  upper  leading  edge  relative  to  the 
leading/... 3o. 
leading  edge  o!  the  static  hole.  Last  (20)  concluded  the 
following 
a)  The  calibration  is  significantly  affected  by 
changes  in  the  dimensions  of  the  probe 
configuration  and  reliable  data  can  be  obtained 
provided  that  mouth  width  b/h  =  36,  d/h  =6 
and  b/d  >  5. 
b)  A  major  source  of  error  arises  from  inaccuracy 
of  positioning  the  blade  relative  to  the 
static  hole. 
c)  The  removing  of  the  thickness  above  the  leading 
edge  so  as  to  reduce  its  effect  upon  the 
external  flow,  will  change  the  calibraL-Lon. 
2.2.3.2.  Preston  tube 
In  1953  Preston  (31)  showed  that  at  subsonic 
speeds  the  pressure  on  the  mouth  of  a  circular  pitot  tube 
placed  on  a  test  surface  can  be  related  to  local  skin 
friction.  lie  based  his  suggestions  on  Prandtl-Karman's 
"law  of  the  wall"  for  turbulent  flow,  which  states  that  the 
fluid  properties  near  the  wall  are  related  to  the  surface 
shear  stress.  Preston  assumed  that  this  was  valid  for  both 
turbulent  pipe  flow  and  boundarylayer  flow  (11).  Based  on 
the  experiments  of  Ludwieq  and  Tillman  Cl),  he  assumed  that 
for  any  solid  surface  there  is  a  region  near  the  wall  in 
which  !  I--  =f  CY111)  where  u  is  the  velocity  at  a  distance 
U*  V 
y  normal  to  the  surface  and  u*  is  a  friction  velocity 
defined  as  u*  =CT  .  Guided  by  the  method  used  by  Stephen 
P 
(32),  Preston  suggested  that  similarity  parameters  for  a 
surface  pitot  tube  might  be  obtained  from  the  law  of  the 
wall/... pL. 
wall  and  that  1hese  factors  correlate  the  effects  of 
Reynolds  nimber  and  tube  size.  Preston's  resulting 
functiolial  equation  is  : 
Ap.  d2 
4  PV2 
f  . 
1*  d2 
4  PV2 
or  R2C  dp  fR2C 
dF 
where  'R  Cp  =8  d 
Ap.  d 
4  pV2 
and  RC8  dF 
T.  d22.3. 
4pv2 
and  Ap  is  pressure  measured  by  pitot.  d  is  the  diameter  of 
the  tube.  In  this  way  the  Preston  tube,  which  is  simply 
a  circular  pitot  tube  touching  the  surface,  is  a 
preferable  instrument  to  the  surface  tube  suggested  by 
Stanton,  because  a  larger  tube  could  be  used  which  is  more 
robust,  easier  to  mount  and  gives  Larger  pressure  difference 
with  a  better  time  response  (24).  Nevertheless,  two 
precautions  are  necessary,  (a)  the  tube  must  lie  entirely 
in  a  region  within  1/10  of  the  boundary  layer  thickness 
and  (b)  the  tube  dimensions  must  be  small  compared  with 
dimensions  of  the  model.  Dutton  (11)  found  that  the 
region  of  local  dynamical  similarity  extends  up  to  1/5  of 
the  boundary  layer  thickness.  It  was  also  shown  that  tae 
Preston  tube  Reynolds  number  limits  are  300<  RLd  <  350.  (20). 
v 
A  probable  limitation  to  the  use  of  the  Preston  tube  in  two 
dimensional  boundary  layer  is  that  its  calibration  is 
significantly  affected  by  strong  pressure  gradients. 
Smith  and  Walker  (5)  indicated  that,  in  general,  the  Preston 
tube'device  indicates  smaller  skin  friction  than  the  floating 
element  device  wlýich  is  used  for  the  direct  measurements  of 
shear  stress  and  it  could  be  useful  in  the  range  of 5  <ý'Pd2  <  7.5  with  zero  pressure  gradient.  Furthermore, 
4p\)2 
in  a  given  favourable  pressure  gradient  condition, 
errors-actually  increased  with  decreasing  Preston  tube 
diameter  (4).  Fage  (4)  showed  that  the  inner  law  for  the 
velocity  distribution  in  turbulent  pipe  flow  is  different 
from  that  for  turbulent  boundary  layer  flow  over  flat 
plate.  Therefore,  calibration  of  the  Preston  tube  in  a  turbulen7- 
pipe  flow  will  not  provide  the  accurate  calibration  method 
needed  for  the  tube  to  be  used  on  a  flat  plate. 
2.2.3.3.  Effective  centre  of  the  velocity  head  probe 
In  1928  Thom  (34)  showed  that  when  a  pitot  is 
placed  with  its  end  in  a  field  where  the  total  head  varies 
rapidly,  it  may  not  be  correct  to  assume  that  the  pressure 
reading  given  by  the  tube  corresponds  to  the  total  head  at 
the  centroid.  of  the  end.  Also,  there  is  the  effect  of 
the  proximity  of  the  surface  when  the  tube  is  very  close 
to  it.  Such  effects  increase  as  the  tube  comes  closer 
to  the  wall.  Taylor  (19)  analysed  the  data  of  Stanton 
and  of  Fage  and  Falkner  and  suggested  a  correlation  which 
involves  the  idea  of  the  "effective  centre"  of  the  pitot 
tube.  Obviously  introducing  the  probe  into  the  boundary 
layer  causes  flow  disturbance.  This  disturbance  may  be 
propagated  upstream  a  sufficient  distance  to  modify  the 
boundary  layer  ahead  of  the  pitot  tube,  so  that  the 
pressure  at  the  mouth  of  the  tube  would  not  correspond  to 
that  in  the  same  position  of  an  undisturbed  flow  (35). 
This  necessitates  that  the  probe  diameter  should  be  very 
small  in  comparison  with  the  local  thickness  of  the 
boundary  layer.  However,  this  requirement  can  lead  to 
practical/... practical  difficulties  since  a  reduction  in  the  probe  size 
will  decrease  its  response  to  pressure  variations.  The 
effective  centre  of  the  probe  gives  a  measure  of  the 
interference  of  the  flow  near  the  walls  due  to  the 
presence  of  the  probe  body.  Young  (36)  demonstrated  that 
when  the  diameter  of  the  bore  of  the  probe  to  its  outer 
diameter  is  of  the  order  of  0.6d,  displacement  ratio  6/d 
0.18  was  found  to  be  independent  of  "d"  provided  that  the 
pressure  gradient  was  constant  across  the  face  of  the 
probe.  In  general  there  exists  a  considerable  velocity 
gradient  across  the  face  of  the  probe.  For  rectangular 
face  probe,  the  suggested  formula  is  as  follows  :- 
T 
0.24  where  h=  height  of  the  probe  2.4. 
h 
For  circular  probe  it  takes  the  following  form 
-6  di  0.131  +.  0.082  C=--)  2.5. 
d 
where  di  and  d  are  ID  and  OD  of  the  probe. 
Bradshaw  (17)  indicated  that  only  when  .  R*d  =3  will  the  tube 
v 
read  the  dynamic  head  at  its  geometrical  centre.  On  the 
other  hand  Hool  (20)  showed  that  the  effective  centre  of  a 
surface  tube  varies  with.  the  fluid  velocity.  The  distance 
of  the  effective  centre  from  the  wall  d'  can  be  expressed 
as  :- 
-0-  25 
d'  cc  xl-, 
0-25 
or  d-1  2.08  a0-75  V  2.6 
Ul Taylor  (19)  ffom  a  momentum  balance  in  the  plane  of  the 
probe  mouth  assumed  that  the  limiting  pressure  on  a  very 
small  probe  must  be  proportional  to  the  tangential  stress  :- 
Ap  =  Kp  H-- 
=k  pU2 
dl 
2.7. 
Therefore  d'  =  V-2-Kv/u  with  K  experimentally  found  to  be  1.2. 
Fage  and  Falkner  (9)  indicated  that  the  distance  from  the 
wall  corresponding  to  a  velocity  u  is  given  by  the  ratic 
K  2u  I  !I  d'  =  {1  -  Vl  - 
3u  2 
where  um  is  the  mean  velocity 
M  during  calibration. 
Yowiy  and  Maas  (3G)  from  measurements  in  a  wakc  concluded 
that  the  streamline  displacement  (1)  is  approximately  0.25  h 
which  seems  to  be  small  for  turbulent  boundary  layer  and 
lacks  the  Reynolds  number  dependence.  Preston  (31) 
account  fo  r  the  displacement  effect  close  to  the  wall  by 
introducing  the  following  expression  :- 
ýP_ 
y  (Ty2  Y-)  2.8. 
(PV2) 
pv  2h 
and  the  effective  displacement  can  be  written  as  :- 
X  where  h  is  the  height  of  the 
h  Pva  h 
probe. 
T 
0.2  (Dl)  or  0.25  (Gl)  2.9 
hh 
t 35. 
2.2.4.  Surface  heated_probe 
This  method  depends  on  the  Reynolds  analogy  between 
the  transport  of  momentum  and  that  of  heat.  The  former  being 
responsible  for  the  skin  friction  while  the  latter  for  the 
heat  transfer.  Ludwieg  (37)  assumed  that  at  a  smooth  wall 
the  velocity  profile  next  to  the  wall  is  dependent,  aside  from 
the  material  constants  of  the  flowing  medium,  only  on  the 
shearing  stress  transmitted  to  the  wall  even  with  pressure  rise 
or  pressure  drop  (1).  Consequently  the  heat  transfer  from  a 
small  electrically  heated  element  flush  with  the  model  surface 
and  thermally  insulated  from  it,  is  a  measure  of  the  wall 
shearing  stress.  By  keeping  the  length  of  the  element  small, 
the  thickness  of  the  warm  boundary  layer  can  be  kept  small. 
It  is  assumed  that  the  velocity  field  is  not  affected  by  the 
temperature  field.  The  relationship  between  the  heat 
transfer  and  the  skin  friction  could  be  as  follows  :- 
Nu  =  0.807  L2 
1/3 
T 
1/3 
2.  lo. 
pa 
The  heat  flow  is  measured  by  the  amount  of  electrical  energy 
supplied  to  the  heated  probe.  This  method  was  first  used  by 
Fage  and  Falkner  (38)  in  1931  for  a  laminar  boundary  layer. 
They  used  a  heated  generator  strip  of  a  circular  cylinder  to 
estimate  the  average  skin  friction  on  the  frontal  part  of  a 
cylinder  with  an  OD  of  50  mm.  Liepman  and  Skinner  (16) 
showed  that  a  very  simple  instrument  could  be  used  instead  of 
that  of  Ludwieg.  They  used  an  ordinary  hot  wire  0.01  mm 
diameter  platinum  wire  cemented  into  a  groove  in  the  surface 
of  an  ebonite  plate  and  flush  mounted  with  it. 
One  of  the  main  drawbacks  of  the  surface  heated  probes  is 
the/... the  assumption  that  the  thermal  boundary  layer  remains 
within  the  laminar  sublayer  which  calls  for  small  dimensions 
of  the  device  which  create  construction  difficulties.  In 
addition  small  temperature  differences  create  problems  in 
the  insulation  and  measurement  of  the  probe  surface 
temperature.  Preston  (18)  showed  that  the  heat  probe  method 
is  inherently  inaccurate  since  the  measured  quantity  is 
proportional  to  1/3  power  of  the  shearing  stress.  One 
disadvantage  of  this  sort  of  instrument  is  the  time  taken 
for  the  surface,  to  reach  thermal  equilibrium  with  its 
surroundings.  which-may  be,  considerable  (19). 
Bellhouse  (24)  and  Bellhouse  and  Schultz  (25,39)  used  a 
small  thin  film  heated  probe.  They  indicated  that  such 
a  probe  has  the  advantage  of  having  quick  response.  Dile 
to  the  fact  that  the  thermal  layer  and  the  friction  layer 
do  not  orig  inate  at  t  he  same  point,  calibration  is  needed. 
Again,  this  device  needs  to  be  calibrated  in  a  situation 
where  skin  friction  is  known  or  measured  by  one  of  the 
other  methods. 
2.2.5.  Measurements  of  skin  friction  on  circular  cylinder 
using  Indirect  Methods 
Measurements  of  skin  friction  on  the  surface  of  a 
circular  cylinder  in  cross  flow  started  with  Thom  (34)  who 
measured  it  using  a  small  pitot  tube  on  a  114  mm  OD.  cylinder. 
The  pitot  was  mounted  on  a  micrometer  arrangement  so  that 
the  end  of  the  tube  could  be  traversed  along  the  normal  to 
the  outer  surface  pf  t4e  cylinder.  *  He  noticed  that  when 
the  bore  of  the  probe  was  less  than  0.1  mm,  the  damping 
effect  was  so  great  that  the  tube  was  practically  useless 
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and  0.2  mm  was  -recommended  as  a  lower  limit  for  the  outer 
diameter  of  the  probe.  Fage  (40)  obtained  total  head 
observations  close  to  the  surface  with  an  exceedingly  small 
pitot  tube.  The  minimum  distance  from  the  surface  at 
which  observations  were  taken  was  about  0.09  mm  which  is  the 
thickness  of  the  probe  wall.  It  was  shown  that  the 
measurements  were  not  accurate  when  the  height  of  the  probe 
represented  a  large  fraction  of  the  region  of  total  head 
gradient  near  the  surface.  Fage  (41)  mentioned  that  the 
pressure  gradient  existing  around  a  circular  cylinder 
profoundly  affected  the  flow  in  the  boundary  layer. 
Green  (42)  used  a1  mm  probe  to  measure  the  velocity 
distribution  normal  to  the  cylindcr  surface.  lie  showed  that 
with  a  flow  where  the  velocity  gradient  was  large,  the 
problem  of  interference  (when  the  probe  was  very  close  to 
the  surface)*could  produce  readings  iihich  were  slightly  too 
large.  Od  the  other  hand,  Fage  and  Walker  (23)  used  a  surface 
tube  of  the  Stanton  type  on  two  cylinders  74  ram  and  150  r.  un. 
outer  diameters.  TAey  found  that  the  assumption  of  linear 
relationship  between  normal  distance  and  velocity  r1easured 
by  the  probe  was  difficult  to  fulfill  especially  on  t4e 
frontal  part  of  the  cylinder.  In,  order  to  account  for  the 
displacement  of  the  "effective  centre"  of  the  probe,  the 
intensity  of  skin  friction  -was  iven  by  the  relation 
T= 
where  K  was  found  to  be  1.16 
According  to  their  amalysis,  they  concluded  t1iat  reliable 
me  its  urerxints  with  the  surface  tube  on  a  circular  cylinder 
could/ 38. 
could  only  be  obtained  provided  that  the  boundary  layer  was 
not  too  thin,  a  condition  which  was  not  satisfied  on  the  74  nm 
cylinder.  Giedt  (43)  used  a  Stanton  type  of  tube  projecting 
about  0.09  ma  above  the.  cylinder  surface  while  its  opening 
was  2x0.07  mm,  to  study  the  effect  of  the  turbulence 
level  in  the  main  stream  on  the  shear  stress  around  the 
cylinders.  The  static  pressure  tap  was  located  38  mm  on 
either  side  of  the  probe.  Through  calibration  he  arrived 
at  the  following  expression  for  the  intensity  of  skin. 
friction  : 
x  =!  4.625  x  10-2  p  (Ap)o'  7 
2.12. 
it  has  also  been  demonstrated  that  a  very  small  error  in 
positioning  of  the  surface  tube  may  account  for  a  difference 
of  the  order  of  30  per  cent  in  the  results  of  skin  friction 
4 
coefficient  at  Reynolds  number  of  10.6  x  10  for  76.2  mm 
diameter  cylinder  (23). 
Giedt  (44)  showed  from  his  experiments  that  since  both  the 
point  heat  transfer  coefficients  and  skin  friction 
intensities  rise  from  coincident  minimums  on  the  front  half 
of  the  cylinder  and  drop  to  coincident  minimums  on  the  back 
half,  he  concluded  that,  'it  is  quite  reasonable  to  assume 
that  the  maximum  values  in  between  occur  near  the  same  point. 
Achenbach  (451  used  a  modified  technique  by  placing  a  "fence" 
which  traverselly  projected  only  some  hundredths  of  a 
millimeter  to  the  boundary  layer.  The  i  dea  of  using  such  a 
boundary  layer  fence  was  started  by  Konstantinov  and  Dragnysh 
(46)  in  1955  and  was  used  later  by  Ziugzda  and  Ruseckas  (47) 
to/ 39. 
to  study  the  effect  of  main  stream  temperature  on  skin 
friction  distribution  around  a  cylinder  in  cross  flow. 
Achenbach  showed  that  such  a  fence  could  cause  a  premature 
boundary  layer  transition. 
2.3.  Direct  measurements  of  skin  friction 
The  devices  used  in  this  sort  of  measurements  are 
designed  to  give  their  output  signals  as  a  direct  measure 
of  the  sI  hearing  forces.  Direct  measurements  could  be 
carried  out  to  give  either  an  average  estimation  of  the 
shear  forces  -acting  on  the  whole  model  or  as  a  local 
value  on  the  surface  over  which  measurements  were  to  be 
conducted. 
Direct  measurements  of  average  shearing  forces 
The  first  attempt  of  this  type  was  conducted  by 
Kempf  in  1929  (48)  by  towing  tests  on  pontoons  in  a  ship 
tank.  He  was.  able  to  obtain  skin  friction  factors  at 
large  Reynolds  numbers.  In  1932  a  similar  principle  was 
used  by  Fronde  and  Kempf  in  determining  the  fluid 
resistance  of  bodies  in  water.  Later  in  1940  Schultz- 
Grunow,  C49)  used  a  similar  technique  for  the  measurement  of 
skin  friction  in  a  low  speed  wind  tunnel.  'For 
measure  ments  of  the  total  frictional  resistance  for  ship 
models,  Schoenherr  (501  used  a  similar  procedure  to  that 
of  Froude.  The  models  are  towed  in  a  small  towing  tank 
by  means  of  a  falling  weight,  accelerating,  until  the 
resistance  is  equal  to  the  towing  weight  and  travelling 
thereafter  at  constant  speed.  His  experiments  covered  a 
34 
range  of.  Reynolds  number  between  10  to  6x  10  Geiger 
and/i.. 4o. 
and  Collucio  (51)  measured  the  average  skin  friction  on  the 
surface  of  a  circular  cylinder  (fitted  with  splitter  plate) 
by  mewis  of  a  pyramidal  strain  gauge  balance.  Drag 
readings  were  determined  directly  from  the  digital  read  out 
of  the  balance.  In  1956  Sommer  and  Short  (52)  obtained 
values  for  the  average  skin  friction  of  a  turbulent  boundary 
layer  in  presence  of  severe  aerodynamic  heating  at  Macla. 
nura)er  of  up  to  7.  Skin  friction  forces  were  calculated 
from  measurements  of  the  total  drag  of  spin-stabilised 
hollow-cylinder  models.  Identical  cylindrical  models, 
except  for  length,  were  gun  lauriched  wider  t1ie  sai'.  ie 
conditions  and  total  drag  coefficients  were  computed  from 
deceleration  data.  The  difference  between  the 
deceleration  factors  of  two  different  models  then  was  a 
measure  of  the  average  skin  friction  drag  over  the  difference 
in  areas  between  them.  In  1965,  White  (53)  designed  a 
balance  to  measure  the  skin  friction  on  the  inner  convex 
surface  of  an  annulus.  The  main  body  of  the  balance  is 
constructed  in  two  pieces,  one  sliding  inside  the  other  and 
fixed  by  a'body  adjusting  plate  and  snrings  at  the  forward 
end  of  it.  A  null  method  was  used  in  which  the  spring 
mounted  element,  having  been  deflected  by  the  drag  force, 
was  pushed  back  to  its  initial  position.  The 
displacement  indicator  consisted  of  three  coils,  two  of 
which  were  attached  to  the  main  body  of  the  model,,  the  third 
to  the  floating  piece.  An  A.  C.  voltage  supplied  to  the 
outer  coils-induced  a  voltage  in  the  inner  coil  which 
depended  on  its  position  relative  to  the  other  two  coils. 
By  moving  one  of.  the  oUter  coils  and  varying  the  supply 
frequency,  the  sensitivity  of  the  transformer  could  be 
adjusted/... . 
adjusted  to  determine  the  inner  coil  position.  The 
measurement  of  the  drag  force  was  done  by  applying  a 
constant-D.  C.  current  to  the  outer  coils  while  a  variable 
current  was  fed  to  the  inner  coil.  This  D.  C.  current  was 
charged  until  the  electromagnetic  force  developed  was 
sufficient  to  push  the  floating  element  back  to  its  original 
position. 
2.3.2.  Direct  measurements  of  local  shearing  force 
Usually  this  can  be  carried  out  by  making  part  of  the 
surface,  over  which  fluid  flows,  moveable  under  the  effect 
of  the  drag  force  exerted  from  the  flow  against  it.  The 
next  step  is  to  measure  the  drag  forces  which  cause  such 
movement  of  this  drag  piece.  Normally,  the  drag  forces 
work  against  some  sort  of  restoring  force.  These  are 
calibrated  so.  that'the  frictional  forces  and  hence  the  skin 
friction  can  be  ascertained.  The  drag  piece  has  to  be 
quite  small  compared  with  the  dimensions  of  the  body  on 
which  the  measurements  are  to  be  taken.  Moreover,  the 
shearing  forces  are  bound  to  be  small  so  that  the  drag 
force  measuring  mechanism  has  to  be  extremely  sensitive. 
In  1950  Attinder  (54)  supported  his  drag  piece  by  small 
columns  from  underneath  the  plate  where  the  measurements 
were-to  be  made,  -then  measured  the  drag  forces  by  using 
column  strain  gauges.  '  Dhawan  (2)  in  1952  used  a  small 
drag  piecc  supported  from  the  ceiling  of  the  transonic  wind 
tunnel  at  California  Institute  of  Technology.  The  piece 
was  supported  by  Wfour-bar  linkage  which  allows  it  to 
translate  in  the  plane  of  a  flat  plate  model  without 
rotation.  /...  , 42. 
rotation.  Smith  and  Walker  (5)  followed  the  same  line  as 
Dhawan  and  used  a  similar  technique  to  measure  the  local 
skin  friction  on  a  small  element  of  the  surface  of  a  flat 
plate.  Matting  and  Coworkers  (13)  measured  the  local 
skin  friction  in  a  turbulent  boundary  layer  on  a  57  mm 
diameterdisc,  by  means  of  a  differential  transformer. 
The  drag  piece  was  s  imply  deflected  under  the  effect  of 
the  shearing  forces  and  the  deflection  was  measured  to 
indi.  cate  the  amount  of  shear  stress  on  the  drag  piece. 
Garringer  (551-used  a  drag  piece  which  was  mounted  on 
small  wire  flexures.  and  held  centered  by  electromagnets. 
Any-shearing.  force  attempting  to  displace  this  floating 
element  along  the  sensitive  axis  of  the  device  caused  a 
change  in  voltage  to  the  electromagnets.  Thus  a 
restoring  force  wýS'  pr(:  )du6ed'that  balanced  the  drag  force 
on  the  element..  In  1977  Depooter  and  Coworkers  (56)  used' 
what  they  called  a  thrust  balance  which,  in  principle,  is 
I 
similar  to  that  of  Garringer.  Their.  b.  a.  lance  incorporated 
a  feedback  system  which  provided  self  centering  of  the 
floating  element.  They-uped  their  balance  on  a  porous 
plate  where  mass  transfer  took  place.  But  they  could  not 
succeed  in  eliminating  or.  controlling  the  flow  induced 
vibrations  of  the  element  electronically  and  instead  they 
adopted  the  known  method  of  using  some  20,,  000  centistoke 
silicon  fluid-to  overcome  the  mechanical  vibrations 
transmitted  from-the  wind  tunnel.  In  1959  Smith  and 
Walker  (5)  used-a  nulling  device  to  measure  the  local  skin 
friction  on  a  flat  plate.  When  the  element  position 
indicator  showed  that  the  element  had  started  to  move  from 
its  no-load  neutral  position,  the-strength  of  a  powerful 
electro/ 43. 
electro  magnet  was  varied  until  the  element  returned  to  its 
no-load  neutral  position. 
2.3.3..  Direct  measurements  of  skin  friction  on  a  circular 
cylinder 
In  1973,  M-orsy  (57)  devised  an  instrument  to 
measure  the..  skin  friction  distribution  around  a  circular 
cylinde  r  (89  mm  diameter).  In  general  his  device  had  the 
main  features  of  Dhawan's,  device  (2).  The  drag  piece  was 
51  x.  3.2  mm  separated  from  the  rest  of  the  cylinder  surface 
I  by  a  clearance  gap  and  the  rectangular  window  through  which 
the  element  was  projected  was  0.3  mm.  wider  than  the  element. 
The  element  was  supported  vertically  on  two,  mmualjy 
adjusted,  jewel  bearings  located  at  the  centre  of  the 
cylinder.  The  element  was  allowed  to  move  under  theeffect 
of  the  shear  force  against  bias  springs.  A  linear  variable 
differenticýl  transformer  (LVDT)  was  used  to  indicate  the 
position  of  this  drag  piece.  Torsional  springs  (the 
restoring  force  mechanism)  with  varying  stiffness  were  used 
to  accommodate  the  different  shearing  force  ranges 
associated  with  the  range  of  Reynolds  number  used.  By 
connecting  two  side  slots  on  the  leading  and  trailing  edges 
of  the  element,  he  maintained  that  it  was  possible  to 
eliminate  the  buoyancy  forces  due  to  pressure  gradient  over 
the  cylinder  surface. 
Due  to  the  fact  that  the  flow  around  cylinder  in  cross  flow 
is  normally  associated  with  vibrations  and  oscillating  forces 
acting  essentially  at  the  vortex  shedding  frequency,  the 
forces  on  the  jewel  bearings  were  not  purely  static  ones. 
Such  vibrations  can  increase  the  pressure  between  jewel  and 
pivot/... ,  '-  4. 
. 
pivot  considerably  and  jewel  mounting  with  sprinU  loading 
should  have  been  used  (58)  instead  of  those  used  by  Morsy. 
Moreover,  due  to  the  effect  of  the  drag  force,  the  moving 
element  must  move  a  measurable  distance,  to  either  side  of 
the  clearance  gap,  and  this  causes  an  increase  or  decrease 
in  the  gap  size.  In  the  case  of  a  considerable  movement 
of  the  drag  piece,  this  could  lead  to  a  significant  effect 
of  the  pressure  forces  on  the  measured  drag  force.  Another 
difficulty  in  Morsy's  device  is  the  inconvenience  encountered 
by  using  torsional  springs  for  different  ranges  of  Reynolds 
number.  This  calls  for  previous  knowledge  of  the  shearing 
force  applied  together  with  the  recalibration  necessary 
whenever  the  torsional  springs  were  changed.  Again,  in 
order  to  damp  the  mechanical  vibrations,  an  oil  dash  pot 
was  used,  which  restricted  the  operation  of  the  device  in 
the  vertical  position. 
It  will  be  shown  in  the  next  chapter  that  by  making  use  of 
the  recent-  developments  in  bearings  design  and  control 
systems,  it  is  possible  to  devise  such  an  instrument  which 
would  not  have  the  drawbacks  outlined  above. 
2.4.  Discussion  and  concludina  remarks 
As  far  as  the  indirect  methods  are  concerned,  most 
of  the  devices  call  for  calibration  in  a  similar  condition 
to  that  in  which  it  is  going  to  be  used.  Although-it  is 
easy  to  c--librate  a  particular  device  b-v  placing  it  in  a 
long  circular  pipe,  doubts  arise  as  to  whether  the  results 
obtained  apply  in'other  flow  configurations. 
with/ 45. 
With  surface  tubes  and  Preston  tubes  compressibility 
effects,  perhaps,  render  inapplicable  calibration  data 
obtained  in  incompressible  flow  (7).  As  was  pointed  out 
by  Taylor  in  1932  and  subsequently  verified  by  Laufer  (59) 
the  name  laminar  sublayer  is  appropriate  except  that  it 
implies  that  the  viscous  shear  stress  predominates  over 
the  turbulent  one  in  the  region  of  the  wall.  An 
ultra-microscope  with  a  rotating  objective  was  used  (60) 
to  examine  the  flow  nature  in  the  vicinity  of  the  wall  of 
a  water  channel.  This  showed  that  the  flow  near  the  wall 
is  approximately  in  laminae  parallel  to  the  wall  but  the 
motion  of  the  particles  is  no  longer  rectilinear  and  is 
in  general  sinuous.  This  shows  how  the  flow  nature  close 
to  a  solid  boundary  is  not  that  easily  defined.  One  of 
the  major  troubles  in  using  velocity  probes  is  due  to  its 
finite  size  and  therefore  measurements  cannot  be  made 
right  up  to  the  wall.  The  problem  of  the  effective  centre 
for  the  probe  and  the  uncertainty  regarding  the  difinition 
of  the  velocity  measured  by  the  probe  is  clearly  demonstrated 
in  the  previous  sections  in  this  chapter.  Furthermore, 
since  these  instruments  have  to  be  calibrated  under 
conditions  which  are  difficult  to  be  reproduced  exactly 
during  the  actual  measurements,  such  effects  may  cause 
large  changes  in  the  calibration  constants.  Beside  these 
technical  problemsl  the  skin  friction  has  to  be 
determined  by  differentiation  of  the  measured  velocity 
profiles.  The  results  of  differentiation,  even  for 
accurate  velocity  measurements,  can  be  quite.  inaccurate. 
More  than  tha  tj  in  flows  involving  pressure  gradient  and 
mass  transfer  through  the  surface  upon  which  measurements 
are/... 46. 
are  to  be  carried  out,  the  velocity  direction  in  the 
vicinity  of  the  surface  becomes  indeterminate  and  the 
situation  becomes  worse. 
Since  the  direct  methods  for  measuring  the  skin  friction 
do  not  rely  on  any  physical  assw,  -iptions  regarding  the 
nature 
-of 
the  flow,  so  any  defect  in  the  experimental  set-up 
does  not  alter  the  calibration  of  the  device.  The 
confidence  in  this  sort  of  technique  led  to  its  application 
in  the  laboratories  as  a  standard  reference  to  calibrate 
other  devices  against,  e.  g.,  (references  61,62,37). 
Shearing  stress  measurements  by  direct  iiiethods  have  two 
main  advantages;  first,  thti  only  calibration  needed  is 
the  determination  of  the  force  restoring  constant  in  the 
device.  Second,  the  output  signal  yields  the  shearing 
force  directly. 
The  preceeding  discussion  showed  that  experimental 
estimation  of  skin  friction  using  methods  other  than  direct 
methods  is  subject  to  many  errors.  On  account  of  this  it 
was  decided  to  apply  the  principle  of  direct  shear  stress 
measurements  to  estimate  the  skin  friction  distribution  on 
the  present  set  up. 
fI 47. 
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DEVELOPMENT  OF  A  DEVICE  FOR  THE  MEASURMENT  OF  SKIN  FRICTION 
AND  FLOW  DYNAMICS  AROUND  A  CIRCULAR  CYLINDER. 
3.1.  Introduction 
From  the  preceeding  chapter,  it  was  felt  that  the 
principle  of  direct  measurements  is  the  technique  which 
involves  the  minimum  source  of  errors  if  it  is  properly 
used.  Nevertheless,  there  is  some  possible  sources  of 
errors  in  such  devices  which  must  be  dealt  with  carefully 
if  the  aim  is  to  reach  a  device  capable  of  providing  the 
necessary  information  about  the  flow  characteristics 
around  circular  cylinders. 
3.2.  Possible  sources  of  errors 
These  could  be  summarised  mainly  as  follows  :- 
1)  Clearance  gap  around  the  drag  piece 
2)  Flushness  of  the  drag  piece  with  the  surrounding 
surface 
3)  Buoyancy  effect  due  to  pressure  gradient 
4)  Drag  piece  dimensions 
3.2.1  Clearance  gap  effect 
The  fact  that  the  drag  piece  must  be  free  to  move 
means  that  it  must  be  separated  from  the  rest  of  the 
surface,  over  which  measurements  are  to  be  carried  out,  by 
a  surrounding  clearance  gap.  The  effect  of  this  gap  is 
not  well  understood  and  may  be  important  particularly  in 
flows  with  a  large  pressure  gradient  over  the  surface. 
Such/..  . Such  a  case  exists  on  the  surface  of  a  circular  cylinder 
(53).  Moreover,  doubts  may  perhaps  arise  concerning  the 
effect  of  these  gaps.  It  was  Schultz-Grunow  (49)  who 
mentioned  the  possible  effects  of  these  clearance  gaps. 
In  spite  of  the  fact  that  the  pressure  on  both  sides  of 
his  drag  piece  was  equal,  he  indicated  that  these  gaps 
manifest  flows  which  produce  uneven  suction  and  pressure  on 
the  drag  piece  and  may  falsify  the  measurements.  On  the 
other  hand,  Dhawan  (2)  showed  that  the  clearance  gaps  may 
cause  changes  in  the  velocity  and  pressure  distribution  in 
their  immediate  vicinity.  Since  the  no  slip  condi-tion  at 
the  surface  is  not  satisfied,  within  the  gap  width,  a 
sudden  disturbance  in  the  slope  of  the  velocity  profile  at 
the  wall  may  occur  as  a  result  of  the  sudden  break  in  the 
continuity  of  the  boundary  layer.  The  magnitude  of  such 
disturbance  is  a  function  of  the  gap  dimensions  and  flow 
characteribtics  in  its  vicinity.  Presumably  the  balance, 
drag  piece,  would  give  a  correct  estimation  for  the  shear 
, 
force  if  the  width  of  the  clearance  gap  is  zero,  for  then 
there  would  be  no  interference  with  the  flow  and  no 
leakage  of  air  through  the  gaps  under  the  drag  piece.  if 
the  gaps  were  made  very  small  compared  to  the  drag  piece 
dimensions,  the  pressure  underneath  the  drag  piece  will  be 
almost  uniform  and  the  error  due  to  pressure  forces  could 
be  minimised.  This  point  was  examined  by  White  et  al  (53) 
with  a  variable  clearance  gap  width  ranging  from  0..  03  mm 
to  0.7  mm  in  order  to  reach  the  gap  dimensions  which  would 
not  disturb  the  velocity  profile.  From  the  graphical 
representation  of,  the#r  results,  the  effect  was  not  serious 
provided  the  gap  width  is  kept  sr..  iall,  about  0.08  nxii,  and  the 
measured/... 49. 
measured  shearing  force  could  be  accepted  with  some 
confidence.  Dhawan  (2)  studied  the  effect  of  gap  size  on 
flow  over  a  flat  plate  by  means  of  Schlieren  photography. 
The  continuity  in  a  laminar  boundary  layer  seemed  to  be 
unaffected  by  the  presence  of  the  gap  until  its  width 
exceeded  0.25  mm.  For  a  turbulent  boundary  layer,  very 
faint  wave  seen  originating  at  the  clearance  gap  location. 
Searching  for  pressure  variations  at  the  gap  location  and 
measurements  for  the  velocity  profiles  in  the  vicinity  of  a 
0.2  mm  gap  by  a  hot  wire  anemometer  confirmed  that  the  flow 
structure  and  the  shearing  force  were  not  affected  by  such 
a  slot.  Dhawan's  choice  for  the  clearance  gap  dimensions 
was  adopted  later  by  Morsy  (57)  in  having  clearance  Of  0.1  ILIUM 
and  0.2  mm  inch  at  the  leading  and  trailing  edges  of  the 
drag  piece  respectively. 
3.2.2  Flushness  with  the  rest  of  the  model  surface 
The  drag  piece  and  the  test  model  surface  must  at  all 
times  be  at  the  same  IeVel.  One  way  to  do  it  is  to  lap 
the  piece  flush  with  tile  test  surface  after  assembly.  it 
has  been  shown  Schultz-Grunow  (49)  that  0.1  nm  vertical 
displacement  between  the  drag  piece  and  the  surrounding 
horizontal  surface  yields  about  6  per  cent  change  in  the 
estimated  force.  Dhawan  (2)  indicated  that  even  small 
inclinations  (of  the  order  of  1/50  0)  of  Cae  piece  would 
introduce  large  errors  into  the  measured  forces.  While 
Smith  and  Walker  C5)  mentioned  that  a  depression  of  the 
piece  as  much  as  0.01  nun  will  have  effect  on  the  readings, 
Matting  et  al  (13)indicated  that  such  a  depression  may 
produce  force  values  about  2  per  cent  low.  Allan  (63)  in 
his/... 50. 
his  analysis  of  the  direct  methods  and  its  applicability 
showed  that  a  depression  is  ecýually  serious  as  protrusion 
in  destroying  the  accuracy  of  the  measured  shearing  force. 
3.2.3  Buo7ancy  effect 
In  flows  with  a  pressure  gradient  like  those  which 
exist  on  the  surface  of  a  circular  cylinder,  the  pressure 
gradient  over  the  length  of  the  drag  piece  is  likely  to 
create  an  extra  force  in  addition  to  that  of  the  shearing 
force.  This  extra  force,  a  buoyancy  force,  is  equal  to 
the  product  of  the  drag  piece  side  area  and  the  difference 
in  pressure  at  its  leading  and  trailing  edges.  Therefore 
the  force  measurements  require  a  correction  for  the 
apparent  forces  due  to  the  pressure  gradient.  This  is  one 
of  the  reasons  why  Liepman  (16)  showed  that  direct 
techniques  are  restricted  to  cases  of  zero  or  at  least  small 
pressure  gradients  while  Coles  (16)  recomended  this  technique 
for  moderate  pressure  gradient  provided  it  is  precali;  Drated 
for  this  purpose.  Morsy  C57)  tried  to  eliminate  the 
effect  of  normal  pressure  difference  by  connecting  together 
two  slots  cut  into  the  supporting  frame.  opposite  to  the 
leading  and  trailing  edges  of  the  drag  piece.  But  it  is 
possible  that  this  can  produce  an  air  flow  through  the 
surrounding  gaps  from  the  higher  to  the  lower  pressure 
side  which  results  in  a  break  in  the  boundary  layer  and  in 
the  velocity  profile  in  the  vicinity  of  the  clearan*ce  gap. 
As  a  consequence  the  measured  values  will  be  colou--ed  by 
this  kind  of  disturbance. 
I 3.2.4.  Drag  piece  dimensions 
For  local  measurements  of  the  shearing  forces,  the 
drag  piece  has  to  be  very  small  compared  with  the 
dimensions  of  the  body  over  which  the  friction  measurements 
are  to  be  made.  Since  the  drag  force  on  the  surface  of 
a  circular  cylinder  is  bound  to  be  small,  these  small 
dimensions  (width)  of  the  drag  piece  will  result  in  very 
small  forces  acting  on  theelement.  This  requires  that 
the  force  measuring  technique  must  be  extremely  sensitive. 
3.3.  Direct  Force  neasuring  techniques 
The  magnitudes  of  the  friction  forces  exerted  on 
the  drag  piece  from  the  main  flow  are  usually  measured 
using  one  of  the  following  metilods. 
1)  Measugements  of  the  "free"  drag  piece  deflection 
under  the  influence  of  shear  force. 
2)  Measurements  of  a  counter  force  which  is  necessary 
to  restore  the  "controlled"  drag  piece  to  its  no 
load  neutral  position. 
3.3.1.  Deflected  Devices 
In  this  class  of  device,  the  deflection  (angular  or 
linear)  is  proportional  to  the  amount  of  force  applied  on 
to  the  drag  piece.  In  this  case  the  piece  is  left  to 
deflect  freely  under  thq  influence  of  the  shearing  force. 
Deflection  is  measured  through  a  calibration  curve  and 
directly  indicates  the  magnitude  of  the  drag  force  applied. 
Measurements  of  such  small  deflections  could  be  carried  out 
using  optical  methods,  strain  gauges  or  reactance  gauge 
pickups  (2,57).  The  reactance  type  is  similar,  in 
principle/... principle,  to  ihe  strain  Uauges  but  the  percentage 
change  is  several  times  larger  than  that  of  the  mechanical 
change  for  the  former  while  it  is  of  the  same  order  of 
magnitude  as  the  mechanical  change  for  the  latter. 
Normally,  this  sort  of  device  is  equipped  with  some  sort 
of  restoring  force  mechanisra.  This  can  either  be  in  the 
form  of  flexural  linkage  (2)  or  torsional  springs  (57). 
Restoring  forces  with  different  capacity  were  used  and 
thus  provided  different  levels  for  the  parameter  to  1-)e 
measured. 
3.3.2.  Null-positioning  Devices 
Such  instrur,.  ients  are  usually  called  nu'L'l-see.  r-,  jj_j-jk-j 
servo  force  balances.  Here  the  parameter  to  be  measured 
(drag  force)  produced  by  the  flow  against  the  drag  piece 
is  counteracted  by  an  externally  applIed  force  to  restore 
the  drag  piece  to  its  no-load  neutral  position.  The 
amount  of  counterforce  is  thus  proportional  to  and  a 
measure  of  the  drag  force.  In  this  sort  of  instrument, 
the  applied  force  deflects  the  moveable  drag  piece 
assembly,  the  signal  is  detected  and  is  sent  through  a 
force  balancing  mechanism  generating  the  restoring  force 
required  to  bring  the  drag  piece  back  to  its  no-load 
position.  In  these  devices  the  motion  detectors  could  be 
capacitive  (10,13f  64)  or  using  a  linear  differential 
transformer  (5,13). 
3.4.  Description  of  the  developed  device 
Although  the  idea  of  using  a  direct  force  balance  to 
estimate  the  shear  force  is  obvious  and  simple,  its 
application/ 5 
application  to  the  present  investigation  was  not  an  easy 
one.  The  instrument  was  planned  to  be  used  to  measure 
skin  friction  on  the  outer  surface  of  a  cylinder  placed  in 
a  crossflow.  This  raised  the  first  restriction  to  the 
design,  i.  e.,  the  effect  of  flow  with  pressure  gradient  on 
the  measurements.  In  one  part  of  the  programme  it  was 
decided  to  investigate  the  effect  of  surface  roughness  on 
'  skin  friction  around  the  cylinder.  the  distribution  of 
This  raised  the  second  restraint  to  the  design,  i.  e.,  the 
homogeneity  of  the  surface  nature  and  flushness  between  the 
drag  piece  and  the  rest  of  the  test  cylinder  surface.  In 
another  part  of  the  investigation,  it  was  planned  to  study 
the  effect  of  distributed  section  on  the  shearing  force 
around  the  test  model.  Here  the  problem  was  how  to  keep 
the  dimensions  as  small  as  possible  to  reduce  the 
disturbance  caused  to  the  sucked  boundary  layer  due  to  the 
presence  of  the  drag  piece.  It  was  also  planned  to  make  a 
simulation  between  the  test  cylinder  and  a  condenser  tube 
where  both  heat  and  mass  transfer  processes  go 
simultaneously  side  by  side.  It  was,  therefore,  decided 
to  cool  the  inside  wall  of  the  test  cylinder  with  a  film  of 
cooling  water  run  over  the  interior  surface  while  hot  air 
was  sucked  through  the  porous  wall  of  the  test  cylinder. 
This  implies  that  it  was  important  to  use  as  little  as 
possible  of  the  interior  space  of  the  test  cylinder. 
The  problem  of  reducing  the  dimensions  of  the  device  to 
fulfill  these  requirements  was  a  Lroublesome  one  and 
resulted  in  a  minimum  dimension  for  the  test  cylinder  as 
76.2/63.5  mm  OD/Ib.  'Keeping  an  eye  on  the  likely  sources 
of  errors  mentioned  in  Chapter  2  and  in  the  previous  part 
of/... 54. 
of  the  present  chapter,  the  task  was  to  develop  a  device 
which  could  meet  the,  following  requirements  :- 
A)  The  drag  piece  width  along  the  cylinder's 
circumference  should  be  made  as  small  as  possible 
to  reduce  the  effect  of  buoyancy  correction. 
B)  The  drag  piece  must  be  made  from  the  same  material 
as  that  of  the  test  cylinder.  This  was  a  difficult 
task  to  do,  since  the  test  cylinder  was  made  from 
a  sintered  bronze,  a  material  which  is  very  brittle 
and  not  easy  to  handle  or  machine. 
C)  The  clearance  gap,  surrounded  and  isolated  the  drag 
piece  from  the  test  of  the  cylinder  surface,  and 
should  be  kept  as  small  as  possible. 
D)  The  total  frontal  width  of  the  device,  including  the 
drag  piece,  clearance  gaps  on  both  sides  plus  the 
supporting  frame,  should  be  kept  as  small  as 
possible  to  reduce  to  a  minimum  the  disturbances  to 
the  sucked  boundary  layer. 
The  overall  dimensions  of  the  device  should  be  quite 
small  relative  to  the  internal  available  space 
inside  the  test  cylinder. 
F)  The  drag  piece  should  be  flush  with  the  surrounding 
supporting  frame  and  the  rest  of  the  test  cylinder 
surface. 
The  developing  procedure  was  divided  into  two  stages,  first, 
to  design  and  construct  a  device  which  could  meet  the  above 
requirements.  Secondly,  to  develop  a  controller  capable 
of  matching  the  accuracy  required  for  such  a  device. 
3.4.1.  '  Mechanical  description  of  the  device 
A  schematic  diagram  of  the  device  within  the  cylinder 
test  section  is  shown  in  Fig.  5.4.  The  test  cylinder  was 
76.2/63.5  mm  OD/ID  porous  cylinder.  The  drag  piece  was 
rectangular/ 3:  ý 1. 
rec-Langular  50'  rm.  q  along  the  length  of  the  cylinder,  2 
wide  along  the  cylinder  circumference  and  it  was  made  out 
of  a  circular  ring  sector  cut  from  the  bo  . dy  of  tthe  test 
cylinder  to  keep  the  surface  nature  of  the  drag  piece  the  sElrna 
as  the  surrounding  cylinder  surface.  The  sides  of  the 
drag  piece  were  1  ima  wide.  This  piece  was  exposed  to 
the  main  flow,  replacing  a  part  of  the  outer  surface  of 
the  cylinder  through  a  2.16  mm  wide  rectangular  supporting 
frame  using  accurately  cut  spacers.  There  was  about  30 
microns  clearance  gap  on  each  side  of  the  drag  piece  when 
it  was  in  the  no  load  position.  Clearance  gapsat  the  top 
and  bottom  of  the  piece  were  about  100  microns.  The 
leading  surface  of  the  piezce  was  aligned  flush  with  the 
supporting  frame  and  the  surrounding  cylinder  surface 
using  a  dial  indicator  with  ±5  microns.  On  each  side 
of  the  element  0.25  rlnL  wide,  50  mm  long  slot  was  cut  in 
the  supporting  frame  facing  the  leading  and  trailing  edges 
of  the  drag  piece  and  running  parallel  to  it.  These  slots 
were  connected  separately  to  an  inclined  manometer.  TI-rie 
supporting  frame  body  replaced  a  part  of  the  cylinder  surface 
6  i,  =  wide  along  the  circwtiference  of  the  test  cylinder. 
This  was  the  minimum  possible  width  of  the  frame  in  order 
to  bring  the  porous  surface,  where  mass  transfer  was  going 
to  take  place,  as  close  as  3  mm  away  on  each  side  of  the 
middle  axis  of-the  drag  piece.  This  rectangular  drag 
piece  represents  the  leading  end  of  a  mass  balanced-beam, 
or  vane,  pivoted  along  the  longitudinal  axis  of  the  test 
cylinder  and  made  from  a  non-magnetic  material.  It  was 
pivoted  on  a  pair,  of  cxossed  spring  frictionless  flexural 
cantilever  type  pivots.  The  pivots  were  supplied  by 
Messrs.  /... Messrs.  Field  Tech.  Ltd.  These  pivots  offer  a  small 
spring  restoring  force  and  a  negligible  friction  (65). 
These  pýivots  were  fitted  in  such  a  way  that  one  end  was 
fitted  to  the  bear-,  while  the  other  end  was  mounted  on  an 
adjustable  -1--rame.  The  fitting  of  the  pivot  using  set 
screws  or  other  mechanical  nethods,  after  careful 
consideration,  was  rejected  due  to  its  effect  on  the 
annular  space  (which  was  about  40  inicrons)  between  the 
moving  parts  of  the  pivot.  Finally,  it  was  decided  to  glue 
4-Aie  pivot  using  a  resin  epoxy.  Two  types  of  these  pivots, 
5000  series  cantilever  Lype,  were  tested  5004  -  800  and  5006 
-  600  which  gave  the  beam  natural  frequencies  of  4.5  and 
'he  spring  factor  of  thase  pivots  24  11z  respectively.  T 
were  measured  using  known  weights  together  with  a 
travelling  microscope  and  they  were  found  to  be  30  per  cent 
and  10  per  cent  too  high  for  the  tabulated  values  for  the 
two  types  of  pivots  used  respectively.  The  other  end  of 
the  swinging  beam  was  equipped  with  a  photo---lectric 
displacement-to-voltage  converter  (66)  plus  the  counter 
force  mechanism.  The  liUht  beam  for  the  photo  electric 
system  was  produced  at  right  angles  to  the  bearti  plane 
using  aI  vitality  lens  end  lamp  TL  -  lk  I.  This  lamp  was 
placed  in  a  small  enclosure  so  that  the  liqht  bea-m  from 
the  lens  would  pass  through  a  rectangular  slit  4x0.2  mm. 
at  one  end  of  the  enclosure.  The  light  beam  passes 
through  a  rectangular  slot  3x1.5  ram  cut  in  the  swinging 
beam  and  placed  20  mm  away  from  the  flexural  pivots.  0:  1 
-this  slot  two  sharp  ends  of  razor  blades  were  mounted  in  an 
adjustable  fashion  to-let  the  light*  beam  pass  througa  a 
rectangular  slit  3x0.2  mm  cross  section  araa.  To 
reduce/... 57. 
reduce  the  sca"ering  of  the  light  downstream  the  razor 
bla6es,  a  "light  conee"  6  mm  10119  was  mounted  on  the  beam, 
opposite  to  the  light  source.  Inlet  cone  area  was 
3x1.5  mm  to  give  a  light  beam  througH  a3x0.2  mm 
-  The  inside  of  the  cone  was  rectangular  outlet  section. 
coloured  matt  black.  Thereafter,  the  light  beam  was 
received  on  a  BP  x  48  differential  diode  producing  a 
signal  proportional  in  amplitude  to  the  illuminated  area 
difference,  for  a  precision  pair  of  photocells,  for  a 
constant  intensity  of  illumination.  The  adVantage  of 
using  such  a  diode  is  its  insensitivity  to  variations  in 
thermal  conditions  and  light  intensity.  Such  sensitivity 
is  an  inherited  character  of  normal  photo-cell  diodes. 
The  BP  x  48  was  mounted  on  an  adjustable  frame  surrounded 
by  a  matt  black  painted  light  shield  except  from  the  front 
which  faced  the  light  beam  coming  front  the  outlet  of  the 
light  cone'placed  0.5  mm  away  from  the  photo  diodes. 
The  arrangement  for  the  light  beam  is  shown  in  Figure 
The  counter  force  mechanism  was  placed  27  mm  away  from  the 
flexural  pivots.  A  permanent  magnet  400  gauss  strength 
ý  electromagnetic  was  placed  in  the  field  of  a  pair  of 
coils  with  soft  iron  core  driven  by  a  DC  servo  amplifier. 
The  coils  electrical  resistance  was  43  MOH.  The  total 
weight  of  the  complete  pivoted  assembly  unit  including  the 
flexural  pivots  and  their  seats  was  10.6  gramms  (shown  in 
Figure  3.4).  The  drag  piece  leading  surface  area  subjected 
to  the  flow  was  100  sq-uare  millimeters.  The  device  was 
tightly  sealed  to  prevent  flow  through  the  leading  end 
surrowiding  gap  clpara4ce. 3.4.2.  The  controller  and  electronic  e  uipments 
-  Since  the  effect  of  any  change  in  the  clearance  gap 
dimensions  is  not  well  know,  it  was  decided  to  operate 
the  present  device  with  a  fixed  position  of  the  drag 
piece  within  the  gap.  Therefore,  the  system  was  designed 
to  work  as  a  null-seeking  device.  The  use  of  the  servo 
force  balance  principle  represents  a  valuable  improvement 
on  pre  vious  instruments  because,  firstly,  the  sensing 
element  is  held  in  a  fixed  position  by  integral  control  (I) 
guaranteeing  a  constant  local  flow  field  and,  secondly,  the 
proportional  feedback  (P)  can  be  used  to  increase  the 
natural  frequency  of  the  system  thus  enabling  the  accurate 
and  sensitive  detect-io-T-1  of  not  only  the.  re-qui  red  s%.  in 
friction  forces  but  also  such  dynamic  features  oJ-7  t'lle  flow  such 
as  vortex  shedding  frequencies.  The  use  of  velocity  or 
derivative  feedback  (D)  instead  of  oil  damping  (2,56,57) 
allows  ope5:  ation  of  the  device  in  an  arbitrary  orientation. 
Using  PID  control  system  the  clearance  gap,  surrounding 
the  drag  piece,  was  kept  to  a  minimum  (80  microns)  while 
the  flow  dynamics  was  measured  accurately  and  the  accurate 
correction  for  the  buoyancy  forces  was  possible.  The  main 
target  in  developing  the  control  system  was  to  achieve  the 
following  :- 
1)  Suitable  servo-amplifier 
2)  Force  transducer  with  linear  current  versus 
shearing  force  characteristics 
3)  Circuit  to  produce  a  stable  proportional  plus 
integral  controller. 59. 
3.4.2.1  Choice  of  system 
A  schematic  diagra:,  i  of  the  system  is  shown  in 
Figure  (3.5).  The  basic  element  in  the  system  is  the 
beam  OA  mounted  on  the  crossed  springs  at  0.  The  shearing 
force  P  produces  a  moment  Mp  =  aP  which  is  balanced  by 
moment  Mq=  bQ  of  the  internally  generated  force  Q  so  as  to 
maintain  the  two  gap  distances  g,  and  g2  constant  and  equal. 
For  this  reason  a  displacement  transducer  is  fitted  to  the 
beam  as  far  from  0  as  possible  (Figure  3.3).  The  maj.  or 
considerations  in  choosing  a  displacenent  transducer  are 
long-term  stability,  freedom  from  mechanical  flexibility, 
extreme  high  sensitivity  and  linearity  in  the  interest  of 
simplified  stability  analysis.  Inductive,  capacitive  or 
optical  methods  are  available.  Inductive  methods  are  quite 
common.  However,  there  is  no  real  alternative  to  a 
magnetic  method  of  producing  the  small  balancing  force  Q, 
and  since  the  displacement  to  be  resolved  is  extremely 
small,  problems  of  stray  interaction  can  be  reduced  by 
choosing  a  non-magnetic  displacement  system.  Capac  itive 
systems  have  certain  attractions  butj,  as  a  general  rule,,  an 
increase  in  sensitivity  of  such  a  system  necessitates 
increasing  the  areas  of  the  capacitor  plates  which  is 
ultimately  restricted  by:  firstly,  the  physical  dimensional 
restrictions  imposed  by  the  nature  of  the  test  set-up  and, 
secondly,  by  the  need  to  avoid  high  frequency  modes  of 
mechanical  vibrations  in  the  whole  system.  The  optical 
displacement-to-voltage  system  recommended  by  Havenstein  (66) 
has  proved  to  meet  the  above  considerations.  In  this 
system  parallel  light  beam  passes  the  arrangement  shown  in 
Figure  (3.1).  to  a  BP  x  48  procession  pair  of  photocells, 
comected/ connected  in  a  differential  mode  thus  giving  immunity  from 
variations  in  thermal  conditions  and  light  intensity.  The 
sensitivity  of  this  system  using  the  recoiuaended  TAA  861 
!  amplifier  is  about  30  volt/mm  or  with  the  photocells  unit 
20  mm  from  point  0,1600  V/rad.  The  balancing  force  Q  was 
produced  on  a  permanent  magnet,  400  Gauss  strength,  fixed  to 
the  bean  assembly  and  placed  into  the  field  of  a  pair  of 
electro-inagnotic  coils  with  soft  iron  cores  driven  by  a 
D.  C.  servo  amplifier.  It  was  realised  that  it  is  more 
advantageous  to  eliminate  the  soft  iron  core  from  the 
electro  magnetic  coils  and  a  good  current  versus  shearing 
force  linearity  was  achieved  by  using  air  cored  coils. 
The  simplest  possible  servo-system  would  consist  in  feeding 
the  output  signal  of  the  displacement  transducer,  error 
signal,  directly  and  with  suitable  polarity  to  the  force 
actuator.  Using  the  above  displacement  transducer  and  the 
sraall  space  available  for  the  magnetic  force  actuator,  an 
equivalent  stiffness  of  K=0.4  II.  m.  /rad  could  be  achieved. 
With  a  bean,  inertia  of  4.2  x  10-  6 
Kg  m2  this  simple 
proportional  control  could  have  a  natural  frequency  of  50  1.,  Z. 
Figure  (37)  shows  a  recording  of  the  skin  friction  on  the 
cylinder  that  would  have  a  shedding  rate  of  25  HZ  if  the 
Strouhal  number  was  0.2.  Hence  the  natural  frequency  of 
50  HZ  would  guarantee  a  constant  transducer  gain  over  the 
band  width  of  interest.  However,  the  loads  to  be  measured 
are  in  the  range  10-  5 
to  5x  10-  3 
N,  with  the  above  stiffness, 
K,,  the  upper  limit  of  the  load  would  cause  a  change  in  the 
gap  clearance  of  i3  micron.  This  was  too  large  compared 
with  our  target  of  80  micron  gaps.  In  principle,  there  is 
no/ C, 
I. 
no  limit  to  t'Ai6-  amplification  of  the  error  signiAl  before 
it  is  applied  to  the  force  activator.  However,  in  practice, 
the  amp-lification  is  limited  by  such  things  as  noise  in  thý:, 
photocells  and  instabilities  at  high  frequencies.  Hence 
I 
integral  action  must  be  added  to  reduce  gap  clearance 
variations.  The  stability  of  the  required  control  system 
was  reached  by  adding  some  sort  of  velocity  feedback,  or 
derivative  action,  to  achieve  artificially  viscous  damping. 
Differentiation  can  only  be  accurate  over  a  limited  baud 
width;  this  means  that  the  action  must  be  "rolled  off"  in 
a  suitable  manner  above  a  carefully  chosen  frequency.  in 
the  present  case  the  first  mode  of  flextural  vibration  of 
the  beam  at  350  HZ  gave  trouble  until  additionai  reinforcenonts 
were  made  to  raise  this  frequency  to  600  HZ.  Then  the 
derivative  action  was  rolled  off  about  500  HZ  with  a  four- 
pole  Bessel  fýlter  supplied  by  Messrs.  Barr  &  Stroud.  The 
choice  of  tic  roll-off  frequency  and  type  of  filter  was  a 
critical  experimental  choice.  It  appeared  that  the 
relatively  small  phase  shift  in  the  Bessel  L.  P.  filter  was 
favourable  for  stability.  A  block  diagram  for  the  electronic 
circuit  is  show  in  Figure  C3.2). 
3.4.2.2.  Analysis  of  the  system 
The  transducer  beam,  or  vane,  has  a  gloi-iient  of  inertia  I 
J  which  by  virtue  of  the  crossed  spring  flexural  pivot,  has 
a  'low'  natural  frequency  ýn  and  damping  coefficient  1ý. 
These  wcre  determined  froift  a  free  vibration  test  as  shown  in 
Figure  (3.8).  For  the  -theoretical  analysis  and  optimization 
of  parameters,  the,  velocity  action  was  represented  by  an 
ideal  differentiation  with  transfer  function  KOS.  The  bloc.  'r-, 
diagram/... 0-. 
diagrain  of  the  instrument  is  thus  as  given  in  Figure  (3.6), 
and  t1ie  closed  loop  transfer  fimction  between  applicd 
rioment  Mp  and  balance  moment  14 
Q 
is, 
S  2,3  HI  (s 
p 
(S)  //m  Q 
(s)  =b  (K 
0  .lS  +K  2)/,  (S3  +29w 
nS2 
+wn2  S  +Tlwn 
where: 
Ko,  K,  and  Iý  2  are  determined  by  the  paraiweters  in  the  PID 
controller. 
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The  optimum  setting  of  the  instrument  now  requires  a  choice 
of  the  control  parameters  K0,  ýK  1  an  dK  2*  However,  the 
optimuro,  values  depend  on  the  dynamic  performance  indices 
adopted.  The  criteria  considered  are:  (11)  Iransiont 
response,  (2)  steady  state  frequency  response,  and  (3) 
variations  of  t1he  drag  piece  clearance  gaps,  i.  e.  variations 
from  the  null  position.  Before  these  theoretical  criteria 
are  examined  there  is  the  practical  consideration  of  random 
noise  in  the  system.  This  sets  an  effective  maximuri  value 
'onal  factor  R  and  hence  w  providcd  the  on  the  proport.  I 
peymiissible  velocity  feedback  factor  K.,  which  emphasizes 
noise,  lies  in  a  restricted  range.  Hence  the  restricted 
optimisation  of  q  and  subject  to  0.6  <q<1.5  and  wn=  725 
rad/sec.  was  considered.  The  transient  response  of  the 
system/... 63. 
system  under  various  velocity  feedback  actions  is  shown  in 
Appendix  1.  The  transient  behaviour  of  the  balance  moment  r%P, 
M  is  depicted  by  the  root  locii  of  the  denominator  of  H  (s) 
Q1 
as  shown  in  Figure  (3.9)  for  various  values  of  Tj  and  1. 
Small  values  of  TI-correspond  to  a  highly  danped  oscillatory 
term  plus  a  non-oscillatory  term  of  long  time  constant 
(cf  points  marked  +),,  whereas  large  values  of  n  reverse  the 
situation,  i.  e.,  oscillations  of  long  time  constant  and  a 
non-oscillatory  term  of  short  time  constant  (cf  typical 
points  marked  X).  Optimum  transient  response  with  equal 
t  rue  constants  is  achieved  with  the  parameter  pairs  (G,  nw  n) 
=  (0.6,200),  (0.7,190),  (0.81  170),  (0.9,130),  (1.0,120) 
and  (1.5,100).  Such'optimur,  settings  are  non-oscillatory 
for  >  0.9,  but  at  the  same  time  the  rapid  change  in  the 
shape  of  the  root  locii  indicates  sensitivity  which  may  be 
undesirable  (237).  Figure  (3.10a)  depicts  the  steady  state 
frequency  response  of  the  balance  moment  MQ  foz  a  rango  of 
values  with  the  corresponding  optimum  values  of  'n.  The 
larger  9  is  the  flatter  the  frequency  response. 
However,  Figure  (3.10b)  depicting  : 
J.  MOD  (6(iw)/MpCiw))  =  w/{CT)w.  3-  29  WnW2)  2  +w  2.  Cwn 
2-w23.2. 
shows  that  very  little  reduction  in  the  largest  amplitude  of  0 
can  be  gained  by  increasing  5.  This  has  an  important  implication 
concerning  the  gap  clearance  criteria.  There  is  always  a 
frequency  where  the  angular  amplitude  reaches  2x  10-6  MP/j 
(rad.  ).  Thus  a  fluctuating  load  of  150  milligram  on  the 
leading  end  of  the  drag  piece,  corresponding  to  an  amplitude 
of/ 64. 
of  Mp  =  56  x  10-  6 
Nm.  acts  at  the  worst  possible  frequency, 
the  amplitude  of  e  will  be  (2  x  10- 
6x 
56  x  10-6  )/4.2  x  1.0- 
6 
rad.  with  the  chosen  beam  inertia  J=4.2  x  10-6  Kg  m2. 
The  gap  clearance  variations  will  thus  be  28  x  10-6  x38  rarn 
<2  micron  which  is  quite  satisfactory.  Hence  in  choosing 
the  beam  inertia  Ja  compromise  must  be  made  between  the 
need  to  increase  wn  by  decreasing  J  to  obtain  a  wide 
dynamic  band  width  and  the  need  to  increase  J  to  restrict 
the  side  gap  variations. 
3.5.  Calibration  of  the  device 
Among  the  great  number  of  tests  and  checks  made  to 
the  device,  tests  were  made  to  check  the  static  and  dynamic 
response  of  the  instrument  under  different  loading  conditions. 
In  fact,  any  variations  of  the  side  clearance  cjap  were 
imperceptible-within  the  rang  .e  of  working  loads.  The 
servo  amplifier  gain  and  pick  off  sensitivity  can  be  made 
very  high  so  that  a  diisplacement  of  the  drag  piece  as  small 
as  a  micron  can  generate.  full  output.  Adjustment  of  the 
drag  piece  position,  to  create  equal  clearance  gaps  on  both 
sides  of  it  was  done  using  an  offset  current  fed  to  the 
buffer  of  the  servo  amplifier. 
Under  static  conditionst'the  instrument  was  able  to  discriminate 
load  increments  of  1/10  of  a  milligram  (10-6  N).  The 
maximum  permissible  load  was  limited  by  the  maxiMum  current 
allowed  through  the  electro  magnetic  coils  which  correspond 
to  500  milligram  force  to  give  a  shear  stress  equal  to 
50  N/M2.  Calibration  of  the  device  was  made  by  hanging 
small  pieces  of  wire  of  known  weight  on  the  drag  piece  and 
recording/ 65. 
recording  the  voltage  output  developed  across  t1he  electro 
magnetic  coils  using  a  SE  Laboratories  digital  volt-n-ter. 
The  error  due  to  the  inductance  of  the  coils  involved  in  the 
measurements  in  its  dynamic  mode  was  negligible.  The 
output  signal  recorded  is  directly  proportional  and  a 
measure  for  the  ap,  )lied  force  onto  the  loading  end  of  the 
moving  assembly.  Sample  calibrations  indicating  the 
linearity  and  repeatability  of  the  device  may  be  seen  in 
Figure  (3.11) 
.  It  is  wort:  i  mentioning  here  that  these 
calibration  values  were  independent  of  the  type  of  controller 
and  flexural  pivot  used.  The  skin  friction  force.,  in  an 
exp(:.,  rimental  run,  w-As  measured  as  the  difference  between 
the  no  load  and  loading  conditions  according  to  the 
predetermined  calibrations.  Therefore,  any  error  which 
could  occur  in  the  alignment  of  th-.:  ý  centre  of  mass,  for  the 
moving  assembly,  with  that  for  the  flexural  pivots  would  appear 
as  an  outpuý  of  the  system  with  the  no  load  forming  the  zero 
shear  stress  signal.  Another  point  is  that,  since  the 
counter  force  is  produced  parallel  to  the  force  applied  to 
the  drag  piece,  it  is  immaterial  whether  the  device  was 
calibrated  horizontally  or  vertically. 
Characteristics  of  the  developed  device  and  performance  are 
given  in  Appendix  5. 
3.6.  Concluding  remarks 
The  addition  of  servo  force  balancing  to  the 
instrument  of  the  direct  measurements  of  wall  skin  friction 
leads  to  available  improvement  in  performance  without  losing 
the  convenience  of  direct  calibration.  The  integral  control 
allows/.  .. allows  the  clea-rance  gaps  to  be  reduced  to  limits  set  only 
mechanical  tolerances;  in  the  present  device  gaps  of 
80  microns  were  chosen.  The  proportional  control.  allows 
the  natural  frequency  of  the  system  to  be  increased  to  a 
limit  set  only  by  the  signal-to-noise  ratio  in  the 
displacement-to-voltage  transducer.  The  optical 
displacement  syster,.  i  has  proved  to  be  robust,  reliable  and 
sensitive.  The  suggested  criteria  for  optimising  the 
control  system  have  proven  to  give  a  satisfactory  instrument 
that  has  already  revealed  valuable  information  about  the 
dynamics  of  the  flow  around  circular  cylinders  in  cross  flow 
as  it  will  be  demonstrated  in  the  next  chapters. 67. 
-  CHAPTER  4 
PRESS=  DROP  AND  HEAT  TRANSFER  IN  TUBULAR  HEAT  EXCHANGERS 
4.1.  Pressure  Drop  in  Cross  Flow 
4.1.1.  Introduction 
The  most  common  type  of  heat  exchangers  found  in 
At 
practice  is  the  conventional  shell-and-tube  exchanger. 
The  tube  geometry  for  such  exchangers  is  one  of  four 
arrangementsp  of  course  the  tube  arrangement  can  take  any 
arbitrary  pattern  but  these  are  the  most  commonly  used 
ones.  one  is  in-line  square,  an  in-line  arrangement  with 
the  tubes  in  pattern  of  square,,  %,;  here  the  transverse 
spacing  T  is  equal  to  the  longitudinal  spacing  L.  The 
others  are  staggered  arrangements,  rotated  square, 
equilateral  triangular  and  equal  spacing  arrangement. 
In  a  rotated  square  matrix  the  tubes  are  arranged  in  a 
square  pattern  rotated  through  45  degrees.  Here  the 
transverse  spacing  is  equal  to  twice  the  longitudinal 
spacing  of  the  rows.  An  equilateral  triangular 
arrangement  consists  of  tubes  in  a  pattern  of  equilateral 
trianglesi,  with  the  flow  in  the  main  stream  normal  to  Cie 
bases  of  the  triangles.  For  this  arrangement  L  is  equal 
0  to  T  sin  60  For  the  equal  spacing  bank  arrangement, 
isosceles  triangular  spacing,  the  tubes  are  displayed  in  a 
pattern  of  triangles  in  which  the  base  is  equal  to  the 
height,,  with  the  main  flow  normal  to  the  base.  In  this 
arrangement  L  is  equai  to  T. 
For  most  of  the  heat  exchangers  where  these  tube  arrangements ra  -,  .I 
are  used,  the-ratio  between  the  tubes  pitch  and  tube 
diameters  is  between  1.25  and  1,75.  The  lower  limit 
for  the  pitch  ratio  is  set  by  the  maintenance  aspect  of 
the  exchanger,  e.  g.,  the  need  to  clean  the  outside 
surface  of  tubes  mechanically,  while  the  upper  limit  is 
determined  by  both  heat  transfer  and  hydraulic  resistance 
of  the  unit.  In  fact,  the  pitch  ratio  in  special  cases 
could  be  lower  or  higher  than  these  values.  It  is  known 
that  with  higher  pitch  ratios,  the  cost  and  the  space  of 
the  exchanger  will  also  be  higher. 
In  these  exchangerst  the  flow  velocity  is  neither 
perpendicular  to  the  tubes  nor  is  it  uniform  through  the 
tube  bundles..  Of  course  the  situation  becomes  more 
complicated  In  steam  surface  condensers  due  to  the 
presence  of  both  steam  and  condensate  with:  Ln  the  shell. 
The  fluid  mechanics  of  the  shell  side  flow  within  a  tubular 
exchanger  Is  important  since  the  thermal  performance  of  the 
unit  depends  upon  these  fluld  characteristics.  Moreover, 
large  heat  exchangers  such  as  steam  condensers  for  power 
stations  and  desalination,  plants  account  for  a  high 
proportion  of  the  capital  cost  of  the  plant,  so  there  is  a 
ly  considerable.  incentive  to  improve  the  design  and 
performance  of  such  exchangers. 
For  most  of  the  shell-and-tube  exchangers,  it  is  the  shelý 
side  fluid  which  dominates  and  controls  the  overall  thermal 
performance  of  the  unit.  Moreover,  It  is  the  shell  side 
pressure  loss  which  is  particularlv  costly  in  the  case  of 
steam  surface  condensers,  for  Instance.  Therefore,  it  is 
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not  surprising  that  the  shell  side  fluid  mechanics  has 
drawn  the  attention  of  many  research  workers.  Furthermore, 
a  better  understanding  of  the  shell  side-flow  is  necessary 
when  modelling  work  is  carried  out  to  predict  prototype 
I 
heat  transfer  and  pressure  loss  performance  or  when 
existing  experimental  data  is  being  used  for  heat 
exchanger  design. 
In  the  present  chapter  we  shall  be  concerned  with  problems 
of  pressure  drop  and  heat  transfer  for  single  cylinder  and 
banks  of  tubes,  mainlv  staggered  arrangements  in  cross  flow. 
Althoug  h  there  is  a  fairly  extensive  literature  on  these 
problems,  it  iq  not  the  intention  of  this  chapter  to 
discuss  each  available  investigation  In  the  subject. 
That  sort  of  survey  cannot  be  accommodated  here  and  it  is 
more  appropriate  to  discuss  only  the  relevant 
investigations  to  the  present  study. 
In  the  following,  problems  associated  with  cross  flow  over 
single  cylinder  will  be  considered  first  and  then  it  will 
be  followed  with  those  associated  with  a  tube  in  bank. 
_S_ingle 
cXlinder  in  a  cross  flow 
When  fluid  flows  past  a  cylinder,  the  fluid  iR 
accelerated  as  it  passes  over  the  forward  portion  of  the 
body  as  a  result  of  going  around  the  cylinder  starting 
I 
from  the  forward  stagnation  point  (FSP).  Due  to  the 
viscosity  of  real  fluids,  a  laminar  boundary  layer  is  formed 
on  the  front  part;  of  ýhe  cylinder  surface  which  faces  the 
flow,  The  thickness  of  this  layer  increases  downstream 
as  its  Azimuthal  span  Increases  from  the  FSP.  According 
to/... -1 
to  the  ratio  of  inertial  and  viscous  forces  in  the  flow, 
characterised  by  the  Reynolds  number,  several  types  of 
flow  regimes  can  be  distinguished. 
Under  sufficantly  high  Reynolds  numbers,  the  kinetic 
energy  of  the  fluid  in  the  boundary  layer  is  increased  due 
to  the  acceleration  over  the  forward  portion  of  the  cylinder. 
A  certain  amount  of  this  energy  is  consumed  in  overcoming 
friction  in  the  boundary  layer  and  is  thus  dissipated.  As 
the  fluid  in  the  main  stream  goes  past  the  cylinder,  the 
expanding  cross-section  of  flow  on  the  rear  of  the  cylinder 
produces  a  decceleration  of  the  fluid  and  a  corresponding 
-increase  in  pressure.  The  boundary  is  thus  moving 
against  an  adverse  pressure  gradient  as  it  moves  around 
the  cylinder.  The  remajnder  of  the  kinetic  energy  of 
fluid  in  the  boundary  layer,  which  is  gained  over  the 
forward  p6rtion  after  allowing  for  dissipated  energy  due  to 
friction,  does  not  suffice  to  overcome  that  adverse 
pressure  gradient  on  the  rear  of  the  cylinder.  Fluid 
particles  of  the  boundary  layer  that  have  a  low  velocity 
because  of  friction  become  even  slower.  This  will 
continue  until  these  particles  stop  and  eventually  a  local 
reversal  of  the  flow  in  the  boundary  layer  will  occur.  In 
order  to  maintain  flow  in  the  direction  of  the  adverse  pressure 
gradient,  the  boundary  layer  separates  from  the  solid  surface 
and  continues  in  space.  Fluid  sheets  of  oppositiý 
movements  begin  to  curl  and  give  rise  to  vortices  that  shed 
from  the  cylinder.  Consequently,  the  area  behind  the  cylinder 
becomes  an  area  9f  d4sturbed  flow-and  vortices  formed  on 
the  rear  portion  consume  a  p.  art  of  the  energy  of  disturbances 
of  the  separated  boundary  layer.  The  remainder  of  the 
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energy  dissipates  in  the  wake  in  the  form  of  small 
turbulent  vortices.  With  this  sort  of  regular  vortex 
shedding,  there  is  a  constant  and  intensive  exchange  of 
momentum  and  mass  between  the  circulation  region  and  the 
main  flow. 
r 
As  the  fluid  flows  across  a  cylinder,  the  fluid  encounters 
a  resistance  which  is  known  as  hydraulic  resistance-or 
simply'called  drag.  This  resistance  or  total  drag  of  the 
cylinder  in  a  cross  flow  is  equal  to  the  sum  of  the  forces 
of  friction  and  pressure  drag.  The  frictional  drag  is 
mainly  due  to  the  viscous  forces  in  the  boundary  layer 
developed  on  the  frontal  part  of  the  cylinder.  On  this 
portion,  it  is  assumed  that  thelluid  in  contact  with  the 
surface  has  zero  velocity  and  the  frictional  resistance 
retards  the  moving  particles  near  the  solid  surface  of  the 
cylinder.  Although,  these  frictional  forces  constitute  a 
few  per  cant  of  the  total  drag,  it  influencesp  however,, 
the  flow  by  affecting  the  separation  of  the  boundary  layer. 
Moreovers  the  flow  pattern  around  the  cylinder  may  be 
judged  from  the  friction  force  distribution  Around  the 
cylinder. 
As  a  result  of  flow  separation  and  vortex  formation  close 
to  the  rear,  a  broad  wake  is  developed  behind  the  cylinder. 
I  Consequentlys,  the  pressure  behind  the  cylinder  will  be  less  than 
the  corresponding  pressure  at  the  forward  portion.  As  a 
result,,  a  force  will  act  on  the  cylinder  called.  pressure 
drag.  This  force  in  caused  by  flow  separation  and  depends 
on  the  width  of  the  circulation  region.  The  large  width 
of  I  the  wake  in  the  subetriti-cal  region  correspondstd  the 
S.. 72.1 
large  value  of  the  pressure  drag  coefficient  in  that 
region. 
Turbulence  and  a  cylinder  in  a  cross  flow 
The  turbulence  level  in  the  incident  flow  exerts  a 
certain  influence  on  the  flow  pattern  around  a  circular 
cylinder.  in  fact,,  Taylor  (97)  was  the  first  to  show  that 
the  drag  of  bodies  of  revolution  is  affected  by  the 
intensity  of  turbulence  in  the  main  stream.  He 
demonstrated  that  the  turbulence  in  the  incident  stream 
can  cause  transition  through  the  action  of  small  eddies 
which  are  also  responsible  for  energy  dissipation. 
Petrie  and  Simpson  1981  obtained  measurements  of  the 
pressure  distribution  around  cylinder  of  19.1  mm  diameter 
at  5000  ýI  Re-4  35000--  They  found  that  the  free  stream 
turbulence  4s  only  effective  In  the  region  of  400  -<  e  ý<  1400 
measured  from  the  FSP.  Even  in  this  region,  however,, 
turbulence  levels  below  2.63  per  cent  had  no  measureable 
effect  on  the  pressure.  dlstribution  around  the  cylinder. 
on  the  other  hand  the  results  of  Zijnen  (99)  agreed  with 
Petrie  and  Simpson  that  for  Re  >  20000j  the  affect  of 
turbulence  on  the  pressure  distribution  starts  at  about 
50  degrees  from  FSP.  Moreover,  the  results  showed  that, 
Instead  of  11miting  the  turbulence  effect  at  e-  1400  (98)1 
----the  negative  pressure  on  the  entire  down  stream  side  of  the 
cylinder  andp  : tn  particularl  at  the  rear  stagnation  point 
--to  affected  by  the  turbulence  Intensity. 
The  roughness  of  the  cylinder  surface  has  also  an  effect  on 
the.  drag  coefficient  and  flow  pattern  around  the  cylinder. 
Wood-the  results  from  a  number  of  investigations  (800,100, 
101VO 
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101)  showed  that  as  the  relative  roughness  of  the  surface 
(KS  )  increases,  the  Reynolds  number  at  which  the  critical  D 
flow  region  is  established  decreases.  Moreover,  the 
pressure  drag  coefficient  increases  in  the  critical  flow- 
region  with  increasing  surface  roughness  (102). 
Tube  in  a  bank  in  cross  flow 
For  the  case  of  a  cylinder  within  a  tube  bank,  the 
flow  pattern  is  influenced  by  the  surrounding  cylinders  in 
addition  to  the  factors  previously  discussed.  In  the 
longitudinal  gap  between  adjacent  cylinders  of  a 
transverse  row,  the  pressure  changes  even  more  rapidly 
than  without  this  sort  of  contraction.  As  a  consequence 
of  this,  a  corresponding  change  of  velocity  distribution 
in  the  boundary  layer  and  of  the  flow  pattern  in  the  rear 
of  the  cylinder  is  to  be  expected.  Another  factor  which 
contribut:  ýs  to  the  flow  complexity  in  the  bank  is  the 
tube  pattern  within  the  bank.  In  tube  bank  arrangements, 
the  cylinders  in  the  intermediate  and  inner  rows  are 
located  in  the  wake  of  those  in  the  preceeding  rows. 
That  r4eans  that  the  flow  approaching  the  inner  rows  is  a 
vortical  non-unifo=  one. 
Apart  from  the  first  row,  which  is  In  a  way  similar  to 
single  cyliAders  In  cross  flow#  the  flow  pattern  in 
subsequent  rows  changes  according  to  the  tube  arrzýngement. 
Flow  patterns  in  an  in-line  bank  could  be  comparable  with 
thosein  straiglýt  channel  and  the  Velocity  distribution  in 
thein.  inimum  cross  seption  of  an  inner  row  is  mainly 
datermirxed,  by  the  pitch  ratio.  in-staggered  bankst 
however,  /,., however,  the-flow  pattern  is  comparable  with  that  in  a 
curved  channel  of  periodically  converging  and  diverging 
cross.  section.  In  these  banks,  away  from  the  entrance 
region  which  extends  through  the  first  few  rows,  the 
velocity  distribution  around  cylinders  in  different  rows 
is  expected  to  have  a  similar  character. 
In  a  staggered  tube  bank,  at  Reynolds  number  more  than  10  3 
vortices  appear  as  the  flow  in  the  bank  becomes  turbulent 
and  flow  between  tubes  becomes  vortical  with  a  higher  degree 
of  turbulence.  Nevertheless,  a  laminar  boundary  layer 
persists  on  the  front  portion  of  an  inner  cylinder  as  if 
it  was  in  a  uniform  flow  C103).  The  pattern  of  flow, 
with  a  laminar  boundary  layer  on  the  cylinder  under  the 
influence  of  a  turbulent  flow  stream  together  with  an  intensive 
vortical  flow  in  the  wake  region,  could  be  described  as 
I 
mixed  fl6w.  Consequently,  on  any  of  the  inner  tubes  of  a 
staggered  bank,  the  pressure  in  front  of  the  separation 
point  is  higher  than  that  on  a  single  tube  due  to  the 
movement  of  the  separation  point  towards  the  rear  of  the 
cylinder. 
Studies  of  flow  pattern  in  banks  of  tubes,  should  also 
Include  the  influence  of  the  pitch  to  tube  ratio.  For 
staggered  banks;  an  increase  in  the  longitudinal  pitch 
leads  to  a  longer  pass  for  the  flow  with  less  interference 
for  the  wakes  and  an  increase  of  the  hydraulic  resistance 
of  the  bank  is  to  be  expected.  The  resistance  of  the 
bank  is  influenced  by  the  amount  of  free  space  available 
for  the  flow  between  tube  array.  Therefore,  a  decrease 
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in  the  longitudinal  pitch  could  result  in  a  reduction 
in  the  flow  free  section  which  may  lead  to  higher  thermal 
performance  together  with  a  higher  hydraulic  resistance  of 
the  bank.  As  far  as  the  effect  of  transverse  pitch  is 
concerned,  a  decrease  of  its  value  will  result  in  a 
higher  velocity  through  the  longitudinal  gap  between  tubes 
in  the  same  transverse  row.  Pearce  (104)  measured  the 
flow  velocity  in  the  centre  of  straight  gaps  in  a 
stgggered  bank  and  found  that  it  varied  with  position 
within  the  bank  and  with  cylinder  spacing.  Increasing 
the  transverse  pitch  caused  changes  in  the  velocity 
distribution  across  the  longitudinal  gaps.  With  wider 
pitches,,  Pearce's  results  showed  that  the  flow  was 
pushed  towards  the  sides  of  the  gap.  As  a  result,  the 
flow  was  concentrated  close  to  the  cylinder  sides  with 
smaller  velocities  in  the  centre  of  the  gaps.  This 
movement  of  the  peak  of  the  flow  velocity  distribution 
towards  the  gap  edges  was  attributed  to  the  reduction  in 
the  ratio  between  the  boundary  layer  thickness  and  the  gap 
width.  With  a  decrease  in  the  transverse  pitch  this 
ratio  becomes  relatively  large  in  the  contraction  region 
and  the  velocity  near  the  cylinder  surfaces  decreases. 
According  to  Zukauskas  et  al  (190)  the  flow  velocity  profile 
in  the  gap  region  was  straightened  when  the  transverse  gap 
was  decreased  due  to  the  influence  of  viscous  forces  at 
its  sides. 
Pearce  indicated  that  lhe  characteristics  of  the 
accelerated  flow  through  the  longitudinal  gap,  with  much 
of  the  fluid  passing  near  the  edges  of  the  gap#  is  the 
general  trend  of  flow  pattern  within  staggered  tube  banks. He  found  thal:  for  a  pitch  ratio  1.3  >T>1.5,  the 
velocity  over  the  central  part  of  the  longitudinal  gap 
was  equal  to  the.  4ominal  gap  velocity  in  this  region, 
but  rose  to  a  peak  about  10  per  cent  higher  towards  the 
edges,  before  dropping  rapidly  within  the  boundary  laver 
thickness.  On  the  other  hand  for  a  pitch  ratio  equal  to 
1.5  the  velocity  at  the  gap  centre  was  lower  than  the 
nominal  gap  velocity  and  the  peak  towards  the  side 
reached  about  35  per  cent  higher  than  nominal  velocity 
before  it  dropped  in  the  boundary  layer  region.  These 
peaks  in  the  velocity  profile,  towards  the  edges  of  the  gaps, 
showed  that  the  fluid  tended  to  takA  the  shortest  way 
through  the  gap  from,  the  upstream  diagonal  gaD  right 
into  the  wake. 
4.1,5.  Pres'sure  Drop  for  banks  of  tubes  in  a  cross  flow 
Ifidraulic  resistance  represents  an  important 
characteristic-of  heat  exchangers  and  it  is  characterised 
by  the  total  pressure  drop  in  floll  across  the  tube  banks. 
This  total  pressure  drop  is  a  function  of  flow  velocity, 
bank  arrangement  and  physical  properties  of  the  flowing 
medium.  The  resistance  encountered  by  viscous  fluids  of 
I  constant  density  flowing  across  a  tube  bank  Is  expressed 
'by,  the  following  f  unctJonal  relationship: 
4p  =f  CU  rD(NrLj,  T'#,  it  ,  P) 
Usually,  the  pressure  drop  for  flow  past  a  bank  of  tubes 
is  expressed  In.,  non-dimensional  terms  such  as  the  pressure 
drop  per  row  as  a  fraction  of  the  dynamic  head  of  the 
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incident  flow  based  on-the  nominal  velocity  in  the 
narrowest  gap  between  tubes.  The  nominal  velocity 
could  be  calculated  based  on  either  the-transverse  pitch 
width  or  the  diagonal  pitch  width  as  appropriate.  The 
number  of  rows  N  refers  to  the  number  of  major  flow 
restrictions  in  the  bank,  so  that  if  the  nominal  velocity 
is  that  based  on  the  transverse  pitch,  N  will  be  equal  to 
the  number  of  rows,  whereas,  when  the  nominal  velocity  is 
that  based  on  the  diagonal  pitch  between  tubes  of  adjacent 
rows,  N  will  be  equal  to  the  number  of  diagonal  gaps,  one 
less  than  the  number  of  rows. 
The  simplest  expression  for  the  dimensionless  pressure 
drop  is  the  Euler  number  which  is  defined  by  the  following 
equation  ; 
Ru  -2p, p  U2  N 
4.2. 
where  &p  is  the  total  pressure  drop  across  the  tube  bank. 
A  friction  factor  If'  equal  to  one  quarter  Of  the  Euler 
number  is  normally  used  and  it  is  this  factor  or  coefficient 
which  is  usually  calculated  for  the  bank  of  cylinders. 
4.1.6.,  Rectangular  tube  banks  in  an  isothermal  cross  flow 
There  is  a  large  volume  of  published  data  on  the 
pressure  drop  characteristics  for  isothermal#  non-condensing, 
flow  across  experimental  tube  banks.  These  investigations 
were  usually  carried  out  using  rectangular  working  sections 
where  the  bankswere.  mounted  across  it.  Measurements  of 
total  pressure  drop  across  these  banks  were  carried  out  by 
recording/ 78. 
/recording  the  difference  in  pressure  between  two  tappings 
inserted  upstream  and  far  enough  down  stream  of  the  bank. 
Thereaftert  the  obtained  results  were  correlated  with  the 
tube  arrangement  and  the  Reynolds  number  based  on  the 
velocity  through  the  narrowest  free  section. 
When  a  fluid  emerges  from  between  the  cylinders  of  the 
final  row  in  a  bank,  it  tends  to  emerge  in  jets.  In  the 
wake,  these  jets  diffuse  and  beyond  a  certain  distance 
down  stream  there  will  be  a  more  or  less  uniform  flow 
distribution  across  the  wake.  Through  the  diffusion  of 
the  jets,,  a  certain  amount  of  static  pressure  recovery  takes 
place  in  the  wake  behind  the  bank#,  and  this  is  about 
complete  by  the  time  the  uniform  flow  distribution  region 
Is  reached. 
A  wall  taýpingo,  however#  situated  close  behind  the  bank 
could  read  any  of  a  range  of  pressures,  depending  upon 
whether  the  fluid  passing  over  it  was  in  a  jet  or  the 
more  stagnant  fluid  between  jets.  Therefore,  the 
pressure  tapping  down  stream  of  the  bank  should  be 
situated  far  enough  from  the  bank  and  placed  where  the 
uniform  velocity  is  reached  indicating  that  the  pressure 
recovery  in  about  complete,  - 
in  generalising  the  experipental  results,  the  choýce  of 
the  nominal  velocity  to  calculate  the  friction  factor 
and  number  of  rows  to  which  pressure  drop  is  related  is 
of  considierableimportances  The  maximum  flow  velocity 
passing  through  the  smallest  gap  or  the  average  main  flow 
velocity  could  be  used.  In  most  of  the  invegtigations,, 
the/... 
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the  maximum  felocity  is  adopted  as  a  reference  velocity. 
It  haq  long  been  recognised  that  the  size  and  spacing  of 
tubes  in  a  staggered  bank  will  affect  the  hydraulic 
resistance  encountered  by  fluid  flowing  across  the  tubes 
in  the  bank.  The  available  literature  shows  that  Chilton 
and  Generaux  (106),,  in  1933,  suggested  a  relationship 
for  calculating  the  pressure  drop  in  a  tube  bank.  They 
noticed  that  the  ratio  of  friction  factor  of  a  tube  bank 
to  a  single  cylinder  is  increased  in  proportion  with  the 
transverse  pitch  ratio  in  the  bank.  Consequently,  they 
concluded  that  the  transverse  pitch  is  the  controlling 
dimension  in  the  pressure  drop  data.  This  conclusion  was 
used  as  a  basis  for  their  correlation.  Assuming  that  the 
flow  across  the  bank  resembles  that  through  a  series  of 
orifices,,  "e  pressure  drop  is  therefore  caused  by 
successive  N  contraction  and  expansion  in  addition  to 
the  surface  friction  loss.  They  expressed  their  correlation 
In  the  classic  form  of  the  general  Panning  equation  for 
flow  inside  tubes  and  it  reads  as  follows  :- 
AP  -4fN  (ýp  Ul 
max) 
4.3. 
n  -.  0  2 
where  the  friction  f  actor  f-C  (RexuLx)  -  0.7  5  (Remax)  *  4.4. 
Here  Re 
MUC 
Is  the  Reynolds  number  based  on  the  maximum 
velocity  through  the  bank  and  the  transverse  gap  between 
adjacent  tubes  in  a  row  U.  e.  T-D).  In  applying  such  a 
correlation  it  was  appreciated  that  it  did  not  show  the 
effect  of  the  longitudinal  spacing  on  the  calculated 
pressure  drop.  Later  in  1937  Pierson  (107)  carried  out  an 
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extensive  stday  on  a  large  number  of  tube  arrangements, 
using  small  scale  model  banks  for  both  convective  heat 
transfer  and  hydraulic  resistance  with  gaseous  fluids. 
For  Reynolds  number  between  2000  and  40000,  thirty-eight 
tube  arrangements  with  different  pitch  ratios  were  tested. 
He  found  that  friction  factors  varied  with  the  Reynolds 
number  to  a  power  index  ranging  from  0.2  to  about  -0.3. 
Moreover,  for  specific  Reynolds  number.  the  friction  factor 
varied  markedly  with  changes  in  tube  arrangement*  Pierson 
indicated  that  while  the  friction  factor  remained  constant 
or  decreased  slightly  as  Reynolds  number  was  increased, 
the  tube  arrangements  influenced  the  absolute  value  of  the 
friction  factor.  To  complete  the  picture  obtained  by 
Pierson,  Huge  (1081  investigated  the  effect  of  tube  size 
on  heat  transfer  and  flow  resistance  for  different  tube 
. 
bank  arranq!  Bments.  Over  a  Reynolds  number  range  from 
2000  to  70000,  three  tube  sizes  were  tested  using  six  tube 
arrangements,  two  staggered  and  four  in-line  banks. 
Similar  to  Pierson's  results,  Huge  found  that  the  friction 
factor  was  not  only  related  to  the  Reynolds  number  but 
varied  with  the  tube  arrangement.  Furthermore,  Huge 
showed  that  results  obtained  from  small  scale  and  full 
scale  apparatus  were  in  good  agreement  which  implied  that 
the  effect  of  tube  stze  was  negligible. 
The  data  obtained  by  Pierson  and  by  Huge  was  analysed  by 
Grimison  (109)  who  gave  a  summary  of  their  experimental 
results  on  heat  transfer  and  pressure  drop  across 
exchangers  In  relation  to  transverse  and  longitudinal  spacing 
in  terms  of  tube  diameter  and  tube  arrangement  for  2000 
-<  Re  <  40000.  /..  * 81. 
<  Re  <  40000.  Grimison  presented  his  correlation  in  a 
graphical  form  of  charts  in  which  parameters  such  as 
Reynolds  number  (based  on  tube  diameter)  pitch  ratio  and 
frictionfactor,  were  drawn. 
Because  it  is  sometimes  difficult  to  use  the  graphical 
correlations,  Jakob  C110)  developed  expressions  to 
correlate  Pierson's  and  Huge's  data  for  different  tube 
arrangements.  At  far  as  staggered  banks  are  concerned, 
the  correlation  reads 
CRedjý"O*  16  fO.  25  +0.1175  (T-1)-  1.08  1  4.5. 
This  formula  is  not  applicable  to  a  bank  in  which  the 
minimum  free  area  is  that  through  the  diagonal  slit  between 
succeeding  rows  of  tubes.  It  is  obvious  that  this 
correlatton  is  valid  only  over  the  same  flow  range  used  by 
Pierson  and  Huge,  in  other  words,  up  to  Reynolds  numbers 
of  40000.  It  should  be  noted  that  this  formula  is  a 
function  of  the  transverse  pitch,  T,  rather  than  the 
longitudinal  pitch,  L,  whose  effect  was  reported  to  be 
restricted  to  the  in-line  tube  arrangements.  As  Pierson 
and  Huge.  used  ten  row  banks  to  realise  their  data,  a 
correlation  like  that  of  Jakob  which  is  based  on  their 
work  is  only  strictly  applicable  for  banks  having  that 
number  of  rows. 
Jakob  found  that  his  correlation  was  in  a  good  agreement 
with  the  experimental  results  of'Pierson  over  a  range  of 
spacing  between  the  tubes  up  to  T=L=3  except  for 
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transverse  spa7cing  ratio  of  1.5  with  the  staggered 
arrangement.  For  this  pitch  ratio,  Dwyer  and  Coworkers 
(112)  qsed  the  following  expression  whichý  was  reported 
to  be  in  a  good  agreement  with  their  results  of  T=1.5, 
the  expression  reads  : 
I=  (Re)  -0.15  10.23  +  0.11  (T-1)-l-081  4.6. 
This  formula  was  ized  for  a  Reynolds  number  which  exceeds 
the  range  originally  investigated  by  Pierson  and  Huge. 
Jakob's  correlation  for  calculating  the  pressure  drop  in 
in-line  and  staggered  arrangements  were  criticised  by 
Gunter  and  Shaw  (111)  who  proposed  a  simple  single 
correlation  for  an  arbitrary  tube  arrangement  in  cross  flow. 
The  correlatýon  covers  both  isothermal  and  non  isothermal 
cases  and  reads: 
4P  )  RV  !j0.14  -o.  4  .  SL-O'  6 
:E=  (-  (  -)  (DV)  (Red)  4.7. 
1  hpU2  L  pw  TT 
where  the  friction  coefficient  for  the  turbulent  flow,  Red 
>  200,,  is  calculated  as  follows 
1.92  (Red)  -0.145  4.8. 
To  apply  the  above  formula  for  non-isothermal  flow.  conditions, 
the  fluid  properties  were  calculated  at  the  average  flow 
temperature.  The  arbitrary  bank  term  SL  is  defined  as  the 
centre-to-centre-distance  from  a  tube  in  one  row  to  the 
nearest  tube  in  the  next  row  transverse  to  flow.  The  two 
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characteristic  dimensions  which  appear  in  the 
correlation  were  L  the  fluid  flow  length  and  the  volumetric 
hydraulic  diameter  DV  which  was  defined  as: 
DV  =' 
A,  x  net  free  volume 
friction  surface 
Gunter  and,  Shaw  claimed  that  their  correlation  has  a 
deviation  from  the  data  of  Pierson  in  the  order  of  magnitude, 
in-general,  of  not  more  than  10  or  15  per  cent.  Indeed 
this  was  very  similar  to  the  deviation  in  Jakob's 
correlation  as  pointed  out  by  Boucher  and  Lapple  (113)  who 
found  that  Grimison's  graphical  correlation  and  Jakob's 
formula  represented  Pierson's  data  fairly  well  with  an 
average  deviation  of  13  per  cent  for  staggered  arrangements. 
ln*1950,  Bergelin  et  al  C1141  carried  out  investigations 
using  three  dIfferent  tube  arrangements  in  cross  flow  with 
different  tube  sizes.  and  pitch  ratios  in  seven  banks.  They 
obtatned  data  upon  the  effect  of  tube  size  and  spacing  in 
the  region  of  viscous  flow.  These  data  for  Reynolds 
number  up  to  a  thousand  were  correlated  well  by  using  the 
Gunter.  and  Shaw  formula.  From  this  -  data  Sergelin  et  al 
concluded  the  following  :- 
al  at  constant  flow  velocity  for  a  given  arrangement 
and  tube  size,,  the  pressure  drop  Is  lower  when 
pitch  is  increased. 
at  constant  flow  Velocity  for  a  given  arrangement 
and  pitch  rati  ol',  the  pressure  drop  is  lover  when 
the  tube  diameter  Increased. 
Later/... 
II Later,,  the  range  of  these  investigations.  was  extended  up 
to  Re  =  6000  by  Bergelinet  al  (115)  in  1952.  Data  was 
obtained  for  five  tube  arrangements  using  oil  as  the  shell 
side  fluid  and  isothermal  tests.  Their  graphical 
correlation  is  reproduced  by  McAdams  (116). 
S 
One  of  the  most  extensive  investigations,  as  far  as  the 
pressure  drop'is  concerned,  was  carried  out  by  Zukauskas 
(105),  He  measured  the  rate  of  reduction  of  the  friction 
factor  with  Reynolds  number  and  gave  a  prediction  oý  its 
value  over  a  wide  flow  range  which  exceed  the  Grimison's 
40000*up  to  2x  10  6.  His  pressure  drop  measurements 
covered  fifty-three  different  banks  in  cross  flow  of  air 
and  other  fluids  such  as  transformer  oil  and  water.  These 
measurements  suggested  that  the  resistance  encountered  by 
the  flow  was  mainly  influenced  by  the  amount  of  free  space 
between  tjje  tubes  in  the  bank  which  was  determined  mainly  by 
the  transverse  pitch  and  the  bank  resistance  increases  with 
decrease  of  this  pitch. 
on  increasing  the  longitudinal  pitch  ratio  14,  the  larger 
-.  space  between  two  neighbouring  rows  permits  the  formation 
of  vortices?  which  in  many  cases  affects  the  resistance  of 
the  bank.  Moreover,  the  pressure  drag  of  tube  in  the 
bank  is  highly  affected  by  the  longitudinal  pitch  due  to 
Its  effect  on  the  pitch  along  the  diagonal  of  the  bank 
VhJýchatpplied  for  transverse  pitch  ratios  less  than  2. 
Here  a  decrease  of  the_longitudinal  pitch  involves  a 
dAcrease  of-the  free  sect:  tQn  along  the  diagonal  and  this 
., reflectd  on  the  hydraulic  resistance  of  the  bank. 
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Zukauskas  (105)  presented  his  measurements  for  the 
pressure  drop  across  banks  of  tubes  in  a  group  of  charts 
which  gave  the  overall  Euler  number,  four  times  the 
friction  factor,  as  a  function  of  Reynolds  number,  tube 
arrangement  and  tube  spacing.  His  results  are  presented 
by  the  Euler  number  referred  to  onerow  or  to  a  bank  of 
ten  rows. 
The  effect  of  the  ratio  between  transverse  pitch  and 
longitudinal  pitch  was  investigated  by  Stasjuljawitschjus 
et  al  C117).  Their  results  indicated  that  the  friction 
coefficient  for  deep  banks  decreases  with  an  increase  in 
the  Reynolds  number  and  at  Re  >2x  10  5  It  became 
Independent  of  the  Reynolds  number  if  the  ratio 
1 
was  less  L 
than  1.7.  For  this  arrangement  this  independence  on  Re 
beJ,  ng  abrupý. 
It  should  be  pointed  out  that  the  pressure  drop  across  the 
bank  is  affected  by  the  entrance  and  exit  conditions  of  the 
bank.  Moreover,  with  a  decreasing  number  of  rows  in  the 
bank,  these  conditions  contribute  more  to  the  total  loss 
of  kinetic  energy  of  the  inc4ldent  stream.  Inside  the  bank, 
the  entrance  conditions  can  continue  to  affect  the  flow 
characteristics  around  tubes  in  the  first  few  rows  in  the 
bank.  This  is  supported  by  the  measurements  obtained  by 
Pearce  C104)  for  flow  velocities  within  the  bank..  fie 
found  that  the  velocity  In  the  longitudinal  gap  decreased 
from  the  first  row  to  the  second  row.  From  the  third  row. 
onward  he  measured  no  further  changes  in  the  velocity  and 
its  value  was  slightly  higher  than  the  nominal  gap 
velocity..  /... 13  c-  .! 
velocity. 
A  good  survey  of  the  characteristics  of  different  tube 
arrangements  is.  given  by  Kays  and  London  (118)  and  by 
Boucher  and  Lapple  (113). 
Pressure  drop  in  non  isothermal  cross  flow 
In  determing  the  friction  factor  for  non-isothermal 
flows  from  isothermal  data,  allowance  should  be  made  for 
the  variations  of  fluid's  physical  properties,  eog., 
viscosityr  in  the  boundary  layer  at  the  model  surface. 
It  was  in  1936  when  Sieder  &  Tate  (119)  found  that,  for 
non-isothermal  flow  in  pipes,  the  pressure  drop  could  be 
calculated  by  applying  a  viscosity  correction  factor  to 
the  data  obtained  from  isothermal  flow  at  the  same  mixed 
mean  temperature.  The  correction  factor  was  the  ratio 
of  viscostty  in  the  flow  to  that  calculated  at  the  wall 
temperature  raised  to  power  index  of  0.14.  The  deviation 
of  the  non-jsothermal  data  from  that  of  isothermal  flows 
was  also  noticed  by  Omohundro  et  al  (120).  In  1949,  they 
carried  their  investigatJon  to  study  fluid  friction  and  heat 
transfer  in  idealisedmodels  and  in  commercial  tubular 
heat  exchangers  at  low  range  of  Reynolds  number  using  oil 
as  a  flowing  medlum.  They  attributed  this  deviation 
between  isothermal  and  non-isothermal  data  to  the  increase 
in  the  frictional  resistance  caused  by  the  colder  surface 
of  the  tubes  in  the  exchanger  raising  the  viscosity  of  the 
fluid  in  contact  with  them.  They  tried  two  different 
viscosity  correction  factors  in  an  ef-fort  to  correlate 
their  non-isothermal  data  with  that  of  an  isothermal 
flow  condition.  The  first  correction  factor  tried,  was 
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that  recommended  by  Sieder  and  Tate  as  (R-)  raised  to 
11W 
the  power  0.25.  The  second  factor  was  that  recommended 
by  Gunter  and  Shaw  C1111  as  11  )  raised  to  power  0.14. 
The  results  from  these  corrections  were  not  satisfactory. 
Consequently,  Omohundro  and  Coworkers  concluded  that  a 
single  viscosity  ratio  correction  factor  was  not  adequate 
for  their  correlation.  Moreover,  they  recommended  that 
the  R-  ratio  should  be  some  function  of  the  flow  rate.  pw 
Their  line  of  investigation  was  continued  by  Bergelin  et 
al  C1211  using  a  similar  medium,  oil  flowing  across 
three  vertical  tube  arrangements.  They  tested  three 
once-flow  through  units  with  equilatbral  triangular  in-line 
tube  arrangements  and  a  staggered  square.  bank.  It  was 
indicated  that  variations  of  fluid  properties  occurring 
with  heat  transfer  caused  the  physical  properties  at  the 
tube  wall  to  differ  from  those  within  the  main  body  of 
the  flowiiýg  medium.  Furthermore,  they  showed  that  the 
degree  of  Increase  in  pressure  drop  in  the  non  isothermal 
cases  appears  to  be  a  function  of  the  ratio  of  the  bulk 
medium  viscosity  to  the  viscosity  at  the  tube  wall.  it 
is  also  an  Inverse  function  of  the  Reynolds  number. 
Accordingly,  they  suggested  a  correction  term  for  the 
viscosity  ratio  raised  to  the  p  ower  In'.  where  On'  was 
required  to  bring  the  friction  factors  for  non-isothermal 
cases  into  an  agreement  with  the  isothermal  friction 
factors.  The  functional  relationship  related  the  index 
In'  to  the  flow  Reynolds  number  and  took  the  following 
form: 
nI=0.56  -  0.16  lo5  Re  4.9. 
This This  index  wai  found  to 
by  Bergelin  et  al  (114) 
index  In'  for  the  lower 
first  estimation  of  the 
cooling  and  heating  flo, 
as  follows  : 
be  in  agreement  with  that  reported 
who  introduced  another  form  for  the 
range  of  Reynolds  number  as  a 
viscosity  ratio  correction  in  both 
a  conditions.  The  relation  reads 
n=0.57  Re  -0.25  4.1o. 
Later  in  1952,  Bergelin  et  al  (115).  from  measurements  taken 
across  five  tube  arrangements  for  Re  up  to  10000,  indicated 
that  such  index  relationship  were  not  fully  adequate  for 
both  heating  and  cooling  flow  conditions.  Indeed,  the 
index  In'  for  the  viscosity  ratio  should  be  different  for 
heating  and  cooling  and  should  be  a  function  of  the  flow 
Reynolds  nuTQber. 
ofpondens-ation  on  pressure  dro]2  in  tube 
barýks 
Apart  from  the  entrance  region  of  the  bank,  the 
pressure  drop  in  a  noxt-condensing  flow  across  atube  bank 
varies  almost  linearily  with  the  number  of  tube  rows. 
Whereas,,  in  the  case  of  a  condensable  medium,  the  pressure 
drop  is  expected  to  vary  non-linearily  with  the  tube  rows 
due  to  the  variations  of  the  mass  velocity  through  the 
depth  of  the  exchanger. 
in  recognistng  the  above  situation,  Guy  and  Winstanley  (122) 
correlated  their,  preýsure.  drop  data,  obtained  from  a  number 
of  commercial  condensers,  with  some  equivalent  or  average 
velocityj...  ý 8-3. 
velocity  which  reflected  the  effect  of  varying  the  steam 
mass  velocity  through  the  tube  bundles  due  to 
condensation.  Howeverp  the  applicability  of  their  data 
was  limited  due  to  the  tact  that  the  condenser  loads  have 
increased  many  fold  since  the  time  of  their  investigation. 
Nowadayst  steam  loads  for  moderate  commercial  condensers 
2 
can  go  up  to  about  0.012  Kg/m  .  sec.  (242). 
Extensive  studies  were  carried  out  by  Diehl  (123)  and 
Diehl  and  Unruh  (124)  on-four  tube  arrangements  using 
dif  ferent  f  low  mediums  ,  e.  g.  ,  aix  ,  methane,  vapour  and 
6 
pentane  vapour  for  Reynolds  number  up  to  1.5  x  10 
They  showed  that  pressure  drop  for  condensable  gases 
could  be  predicted  by  using  a  two  phase  correlation. 
in  this  way  the  predicted  values  were  within  a  maximum 
deviation  of  ±  30  per  cent  of  the  test  data.  Although 
these  inv6stigations  were  fairly  comprehensive  ones,  it 
was  not  indicated  clearly  whether  condensation  reduces 
the  resistance  encountered  by  the  flow  across  the  tube 
banks  tested.  The  effect.  of  condensation  on  pressure 
drop  in,  a  down  flow  across  the  tube  bank  was  also 
demonstrated  by  Chisholm  and  McFarlane  (125).  They 
adopted  Faks's  view  (126)  in  that  the  pressure  drop  across 
the  bank  can  be  calculated  by  subtracting  the  kinetic 
energy  pressure  change  which  was  calculated  neglecting 
the  kinetic  energy  of  the  condensate  from  the  isothermal 
data.  Of  course,  that  does  not  represent  the  actual  case, 
however?  it  could  be  used  to  provide  a  first  estimate  for 
the  pressure  droR  Jn.  condensable  gases. 90. 
FujiJ.  et  al  (i27)  measured  heat  transfer  and  hydraulic 
resistance  of  low  pressure,  saturated  steam  which  passed 
horizontally  across  different  tube  banks.  Both  in-line 
and  staggered  tube  arrangements  with  equal  spacing  ratio 
of  1.5  were  tested.  They  showed  that  the  flow  resistance 
encountered  in  a  staggered  bank  was  twice  as  much  as  that 
experienced  through  an  in-line  arrangement.  Vlore 
importantly,  Fujii  et  al  suggested  that  condensation  may 
reduce  the  pressure  drop  in  the  same  way  as  suction  of  the 
boundary  layer  would  do  for  an  external  flow  across  a 
cylinder  and  this  effect  is  greater  for  in-line  than  for 
staggered  banks. 
In  an  effort  to  study  the  hypothetýcal  s:  Lmilarity  between 
condensation  and  suction  effectl  Drummond  (72)  investigated 
the  flow  characteristics  in  a  condenser  model  tube  bank 
arrangement.  Condensation  on  the  tube  surface  was  simulated, 
ignoring  the  effect  of  condensate,  by  mass  extraction 
through  porous  test  tubes.  His  result  showed  that  a 
reduction  in  the  prezsure  drop  was  only  recorded  at  high 
extraction  rates.  Consequently,  he  concluded  that 
condensation  or  mass  extraction  reduces  the  pressure  drag 
and  the  higher  the  extraction  rate  the  greater  the 
reduction  in  the  pressare  drag. 
Bearing  in  mind  that  the  extraction  rates  used  by. 
Drummond  reached  13.5  per  cent  of  the  inlet  flow  to  the 
working  section  of  the  tunnel,  for  single  cylinders,  It 
is  not  clear  whetherthe  reported  reduction  in  the  pressure 
-  drag  was  due  to  a  reduction  in  the  friction  lossesf  such 
as  flow  inside  pipest  or  due  to  a  reduction  in  the  pressure 91  . 
drag  around  the  cylinder. 
In  1973,,  Morsy  (.  57)  ýnvustigated  the  effect  of 
condensation  on  pressure  drop  following  Drummond's 
experiments  as  a  guide  line.  He  used  a  staggered  tube 
arrangement  of  equal  spacing  type  and  condensation  was 
aerodynamically  simulated  by  air  extraction  through  a 
perforated  copper  plate  fitted  to  the  experimental  cylinder. 
The  inner  side  of  the  plate  was  covered  with  canvas  cloth 
to  increase  the  pressure  drop  across  the  plate  relative 
to  the  circumferential  pressure  variations.  Air  was 
sucked  through  staggered  holes  0.75  mm  dia.  and  6.35  mm 
apart  which  gave  the  surface  an  average  porosity  of  about 
I  per  cent.  Morsy  reached  a  suction  velocity  to  main 
stream  velo.  dity  ratio  of  16  per  cent  and  concluded  that 
by  mass  extraction,  for  typical  condenser  range,  a 
reduction  .'  of  up  to  30  per  cent  of  the  pressure  drag  could 
be  achieved.  As  was  stated  by  Morsy  (128),  the  suction 
rates  in  his-experix-,  tents  were  measured  by  a  rotameter 
wh:  Lch  was  calibrated  at  normal  pressure  and  temperature 
with  no  allowance  for  the  pressure  drop  across  the 
cylinder  wall.  Due  to  the  nature  of  the  perforated  wall 
beside  its  low  porosity,  the  pressure  drop  across  the  wall 
might  have  been  considerable  and  the  rotampter  readings 
should  have  been  corrected  for  the  pressure  drop  across 
the  wall.  Without  such  correction  the  suction  ratio 
reported  by  Morsy  might  be  overestimated, 
On  the  other.  harkde  the  pressure  drag  in  Drummond's 
investigations  was  obtained  using  a  normal  pressure 
tapping/... 92.1 
tapping  drilled  through  the  porous  wall  of  Ilis  test 
cylinder.  Due  to  reasons  given  in  section  5.2.3.  the 
reported  results  might  be  over  estimated  because  of  the 
stagnat-Lon  effect. 
4.1.9.  Reynolds  flux  model  and  pressure  drop  across  tube 
banks 
Available  methods  for  predicting  the  pressure  drop 
of  condensable  gases,  are  quite  limited.  One  approach 
which  attracted  many  investigators,  is  the  possibility 
of  such  prediction  usin(j  the  Reynolds  flu;  c  mudel. 
As  early  as  1874,  Reynolds  (129)  po.  '..  nted  out  the  nature 
of  connection  between  heat  transfer  and  surface  friction 
in  a  pipe  through  which  a  turbulent  fluid  stream  is  passing. 
He  assumed-that  the  momentum  and  heat  are  transferred  within 
the  fluid7in  the  same  way.  Moreover,  the  lateral  mass 
flux  responsible  for  the  momentum  transfer  to  the  surface 
of  the  pipe  is  proportional  to  the  lateral  flux 
responsible  for  the  heat  transfer  process  assuming  that 
the  turbulence  extended  to  the  pipe  walls. 
Later  in  1916,  Nusselt  C130)  extended  the  application  of 
Reynolds  concept  to  combustion  process  of  solid  fuels. 
He  assumed  that  the  burning  of  a  carbon  surface  in  a  gas 
streazi  was  controlled  by  the  rate  of  mass  transfer  of 
oxygen  to  the  surface  during  the  combustion  process.  On 
a  similar  line  of  thinking,  Silver  (131)  put  forward  the 
assumption  that  all  the  oxygen  molecules  transported  to 
the  surface  entered  into  a  reaction  with  the  carbon 
surface.  Applying  the  Reynolds  concept  for  this  ca.  -.  -,  e, 
with/ 93.1 
with  complete  combustion,  Silver  reached  a  sjjip'Le  relaticnshizý 
for  the  reaction  rate  at  the  solid  fuel  surface. 
Silver  (132)  extended  his  applications  for  the  Reynolds 
concept  and  showed  theoretically  that  it  was  possible  by 
condensation  to  recover  the  inlet  kinetic  pressure  head. 
But  this  theory  was  based  on  flow  over  flat  plate,  conditions 
under  which  Reynolds  concept  is  easily  applicable,  i.  e., 
where  the  pressure  drop  is  mainly  caused  by  the 
frictional  drag. 
Indeed,  the  application  of  the  Reynolds  concept  to 
processes  involving  mass  and  heat  transfer  at  a  surface 
or  a  phase  interface  has  been  the  subject  of  quite  a 
.  iumber  of  publications.  Some  of  thein  are  those  of 
Silver  (133),  Spalding  (134),  Silver  and  Wallis  (135), 
Wallis  C136f  1371  and  Sherwood  (138). 
When  Silver  (132)  extended  his  theory  to  a  bank  of  tubes, 
an  inconsistency  arose  from  the  fact  that  the  resistance 
encountered  by  the  cross  flow  over  the'bank  consisted  not 
only  of  frictional  drag  but  to  a  much  greater  extent 
of  pressure  drag.  At  this  point,  Simpson  (141) 
indicated  that  the  analysis  given  by  Silverr  according  to 
Spalding's  theory,  was  valid  only  for  flows  over  flat 
plates  where  the.  Reynolds  concept  is  applicable.  -  in 
other  words,  for  flows  with  no  pressure  gradient  in  the 
stream  direction  tangential  to  the  surface. 
S 
Nevertheless,  Silver  C139)  mentioned  that  his  theory  for 
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banks  of  tubeg  could  still  be  fruitful,  by  assuming 
that  the  modifications  (;  (  the  flow  over  a  bluff  body 
will,  modify  the  pressure  drag  to  a  reduced  value  in  the 
sane  way  as  the  skin  frictional  resistance  is  changed. 
On  the  other  hand,  Drummond  (140)  continued  Silver's  line 
of  thinking  but  adopted  a  different  point  of  view.  He 
suggested  that  the  total  pressure  drop  for  condensing  gases 
could  be  calculated  by  adding  the  pressure  drag  completely 
unmodified  by  condensation  to  the  frictional  resistance  as 
modified  by  condensation.  Furthermore,  he  came  to  the 
conclusion  that  a  pressure  recovery  in  the  condenser  would 
not  be  possible  until  the  steam  velocity  was  reduced  to  a 
very  low  value  where  the  situation  will  be  far  from 
practice  and  -the  magnitudes  of  pressure  drop  are  inUmportan-It. 
Drumond  ieported  pressure  recoveries  of  the  order  of  half 
the  inlet  kinetic  head  when  all  the  flow  passes  through 
the  working  section  was  extracted  through  the  porous 
cylinder  which  was  Acitted  with  0.8  mm  dia.  wire  at  its 
rear  stagnation  point. 
In  spite  of  that,  Morsy  C57).  tried  to  apply  the  Reynolds 
concept  to  the  case  of  a  cross  flow  over  tube  bank.  He 
made  use  of  the  Blasius  solution  (142)  for  shear  stress  on 
flat  plate  and  the  boundary  layer  thickness,  6,  for  flow 
on  flat  plate  to  define  the  Reynolds  flux,  c,  as  follows 
e=3,.  66  P/6 
Whenever/ 95. 
Whenever  a  pressure  gradient  does  exist,  the  momentum 
equ4týon  Was  used  neglectixg  the  inertia  ef  f  ects. 
Assumip5  that  the  velocity  profile  in  the  boundary  layer 
is  geometrically  similar  (there  exists  a  function  of  one 
variable).  He  expressed  the  velocity  distribution  using 
a  power  series  of  thatBanction. 
Morsy  made  the  assumption  that  the  boundary  layer 
thickness  at  point  X  on  the  cylinder  surface  is  given  by: 
Ax  vý 
with  0  chosen  to  be  1,56.  However,  in  the  text  there 
was  no  justification  for  this  value  of  R,  and  it  seems 
that  it  may  have  been  chosen  to  fit  some  of  his 
experimental  results.  However,,  that  does  not  seem  to  be 
the  casee  *In  reviewing  this  theoryt  Milne  (143)  found 
that  -the  constants  in  Horsy's  shear  stress  expression 
were  indeed  varying  around  the  cylinder  surface. 
4.1.10.,  Pressure  drop  in  cylindrical  banks  of  tubes 
In  the  preceeding  sections,,.  most  of  the 
investigations  mentioned  were  carried  out  using 
rectangular  cross  sections  containing  the  tube  banks. 
This  situation  is  not  commonly  used  in  practice  and 
instead  the  tube  bank  is  in  the  form  of  a  bundle  which  is 
enclosed  within  a  cylindrical  shell.  Under  these 
conditions?  the  flow  configurations  are  expected  to  be 
different  from  those  in  a  rectangular  working  section. 
In  such  banks,  cylindrical  type,  the  flow  free  area  across 
the/.,, the  bundle  varies  from  one  row  to  the  other  and  some  sort 
of  a  mean  effective  area  must  be  used  in  order  to  utilise 
the  available  pressure  drop  data  obtained  from  rectangular 
banks  of  tubes.  To  facilitate  this  utilisation  process, 
Emerson  (144)  developed  an  expression  for  calculating  the 
mean  effective  area  rather  than  using  the  arithmetic  mean 
area  of  the  bundle.  Emerson's.  formula  for  the  effective 
area  across  the  cylindrical  shell  reads  as  follows  :- 
N  o.  5 
E  CAZ) 
I 
where  AZ  is  the  effective  area  at  the  Zth  row  of  tubes. 
That  expression  was  based  on  a  similarity  between  different 
rows  in  the  bundle  which  is  not  strictly  true;  however,  it 
can  be  used.  ah  best  available  for  first  estimation  of  the 
I 
flow  effective  area  across  tube  bundle  in  a  cylindrical 
shell. 
4.2.  ''Heat  transfer  in  cross  flow 
4.2.1.  -Introduction 
The  process  of  heat  transfer  from  a  circular  cylinder 
4.12. 
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in  cross  flow  is  determined  mainly  by  stream  velocity, 
physical  properties  of  the  flowing  medium,  heat  flux 
intensity,  direction  of  heat  flux  and  the  geometrical 
surroundings  in  the  neighbourhood  of  the  cylinder.  The 
dimensionless  functional  relationship  for  this  process  reads 
Nu  Ef  CRe  ,  Pr  CP  L,  T) 
)lw  rw,  -CF- 
w 
where/ 97. 
where  L  and  T  define  the  longitudinal  and  transverse 
configurations  in  the  cylinder  surroundings  relative  to 
the  main  flow. 
Normally  this  form  of  relationship  is  not  used  and  a  power 
equation  is  used  instead  as  follows  :- 
Nu  =C  Re  n  Pr  m  4.13. 
where  constants  C,  n  and  m  are  functions  of  the  main  flow 
characteristics,  i.  e.,  whether  it  is  subcritical  or 
critical  flow.  For  gases  of  constant  Prandtl  number  the 
equation  becomes 
Nu  =C  Re  4.14. 
Variations  in  the  flow  pattern  around  the  cylinder  might 
lead  to  changes  in  the  power  indices  in  the  previous 
expression.  Since  the  surface  temperature  gradient 
affects  the  thermal  boundary  layer  thickness.  Variations 
in  the  surface  temperature  result  in  differences  in  the 
heat  transfer  coefficient  compared  to  those  calculated  for 
a  constant  wall  temperature.  The  boundary  layer  thickness 
varies  under  the  influence  of  a-surface  temperature  gradient., 
causing  corresponding  variations  in  the  heat  transfer 
coefficient  which  is  inversely  proportional  to  the  thickness 
of  the  thermal  boundary  layer. 
The  effect  of  heat'fluX  direction  will  manifest  itself  in  a 
viscosity  gradient  at  the  surface.  According  to  Drew  and 
Ryan/... 98. 
Ryan  (145)  it  is  impossible  to  expect  that  the  velocity 
distribution  in  the  boundary  layer  at  the  cylinder  surface 
be  the  same  under  non-isothermal  as  under  isothermal 
conditions.  For  the  case  of  heating  air,  for  instance, 
the  effect  of  the  varying  fluid  viscosity  in  the  boundary 
layer  may  result  in  a  decrease  in  the  velocity  gradient 
as  the  wall  is  approached.  Consequently  the  velocity 
distribution  in  the  laminar  layer,  or  sublayerr  should  be 
a  curve  and  not  a  straight  line.  Indeed,  the  effect  of 
the  heat  flux  direction  on  the  flow  characteristics  was 
also  noticed  by  Bergelin  et  al  C115)  when  they  could  not 
correlate  their.  pressure  drop  data  for  heating  and  cooling 
conditions  using  a  single  viscosity  correction  factor.  As 
a  result,  they  recommended  different  correction  factors  for 
heating  and  cooling  conditions. 
One  of  the  main  difficulties  encountered  in  the  calculations 
of  the  heat  transfer  coefficient  (equation  4.14)  is  the 
choice  of  a  reference  temperature  at  which  the  physical 
properties  are  to  be  evaluated,  Normally,  this  is  done 
according  to  one  of  two  methods  as  appropriate.  The  first 
method  is  to  evaluate  the  properties  at  the  main  flow 
temperature  and  Introduce  a  compensating  parameter  in  the 
heat  transfer  formula  to  account  for  the  properties 
variation.  This  method  was  used  by  Perkins  and  Leppert  (82) 
who  accounted  for  these  variations  by  using  a  visco6ity  ratio 
with  an  appropriate  exponent  similar  to  that  proposed  by 
Sieder  and  Tate  C119),  The  second  method,  is  to  evaluate 
the  physical  prope!  rtlei  at  a  chosen  temperature  between  that 
of  the  main  flow  and  the  cylinder  wall. 99. 
It  is  a  common  practicet-for  a  bundle,  to  correlate  heat 
transfer  in  the  bundle  using  one  of  the  previous  expressions, 
against  the  flow  velocity  in  the  narrowest  free  cross 
section,  that  is  to  the  maximum-Reynolds  number  in  the 
bundle. 
4.2.2.  Heat  transfer  of  a  single  cylinder  in  cross  flow: 
It  is  apparent  that  a  knowledge  of  the  peripheral 
variation  of  the  rate  of  hDat  transfer  from  the  surface  of 
cylinders  to  a  fluid  flowing  transversely,  is  necessary  for 
the  successful  design  of  heat  exchangers. 
The  complexity  of  thd  flow  pattern  around  a  circular  cylinder 
has  been  recognised  for  a  very  long  time.  The  same  could 
be  said  about-the  mechanism  heat  transfer  around  a  cylinder. 
Experimental  investigations  have  led  to  the  development  of 
expressions  describing  the  variations  of  the  average  heat 
transfer  coefficient  C1911  and  the  variations  of  the  local 
heat  transfer  coefficient  around  the  forward  part  of  the 
cylinder  (103). 
While  it  is  possible  to  analyse,  on  a  theoretical  basis, 
the  flow  characteristics  on  the  front  portion  of  the 
circular  cylinder  using  the  boundary  layer  theory  (146), 
the  flow  beyond  the  point  of  flow  separation  in  the  rear 
portion  of  the  cylinder  ia.  a-vortical  one-which  is  difficult 
to  analyse  on  theoretical  grounds.  This  difficulty  is 
connected  with  the  difficulties  of  determining  the  local 
velocity  at  the  rear  of  the  cylinder  and  the  unavailability 
0;  a  detailed  description  of  the  flow  details  in  the 
circulation/... 100. 
circulation  region.  Moreover,  heat  transfer  at  the  front 
stagnation  point  and  separation  region  has  some  peculiar 
features. 
However,,  the  flow-mechanism  in  the  rear  part  of  the  cylinder 
In  cross  flow  has  drawn  the  attention  of  a  number  of 
investigators,  e.  g.,  Petrie  (147).  The  first  known 
measurement  of  the  flow  velocity  in  the  circulation  region 
was  that  carried  out  in.  1913  by  Morris  (148).  He  used  a 
hot  wire  anemometer  to  explore  the  region  in  the  vicinity 
of  a  circular  cylinder  in  a.  cross  flow.  Because  the 
hot  wire  could  not  qhow  the  direction  of  the  flow  he  could 
not  tell  too  much  about  the  flow  mechanism  in  the  circulation 
region.  However,  by  plotting  his  measurements  on  a  polar 
plot,  the  velocity  d;  Lstribution  around  the  cylinder  looked 
like  a  butterfly  with  low  velocities  at  the  front,  sides 
and  back  of  the  cylinder  and  high  velocities  at  intermediate 
points.  The  circulation  region-was  noticed  also  bv  Drew 
and  Ryan  C145).  In  1931  through  photographic  pictures.  They 
observed  that  the  fluid  motion  in  the  rear  of  the  cylinder 
was.  opposite  to.  that  ; LA  the  main  flowing  stream.  Giedt  C43) 
.  ý-trled  to  mea:  3ure  the  magnttude.  of  velocity  in  that  reversed 
a  -flow  using  a  surface  tube.  Due  to  the  high'flow  fluctuations 
IA  tlýL.  S  regionr*  he  was  not  able  to  obtain  velocity 
measurements  in-the  circulation  region.  Andreas  Acrivos  et 
al  (1501  and  Grove  et  al  C1491  used  a  stroboscopic  air 
bubble  tracer  technique  to  investigate  the  back  flow  at  the 
rear  of  the  cylinder.  They  indicated  that  after  the 
vertical  path  was  established  behind  the  cylinder,  for 
Reynolds  number  more  than  25,  the  pressure  coefficient  at  the 
rear  remains  unchanged  as  the  Reynolds  number  increased. 
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under  these  c4rcumstancesf  the  maximura  bcaC.  k  flow  velocity  within 
the  circulation  region  reached  a  finite  limit  which  lay 
approximately  between  30  to  50  per  cent  of  the  velocity  in 
the  undistur;  Ded  flow.  Moreover,  it  was  indicated  by 
Petrie  and  Simpson  (931  that,  in  the  circulation  region,  there 
was  an  opposite  flow  which  has  a  boundary  layer  with  constant 
thickness  over  the  area  from  0=  1400  to  1800  measured  from 
FSP  at  Re  =  35000.  As  indicated  by  Sogin  (151),  the  effect 
of  such  strong  eddies  at  the  rear  was  to  cause  a  large 
proportion  of  the  temperature  drop  between  the  wall  and  the 
fluid  to  occur  in  a  very  thin  layer  near  the  wall. 
In  order  to  fac.  -Llitate  calculations  of  heat  transfer  at  the 
rear  of  the  cylinder,  Matsui  C1521  proposed  the  following 
correlation: 
Nud  0.229  Re  0.63 
Pr  0.4.11 
-C 
180-0  )24.15.  90 
Ile  attributed  the  high  heat  transfer  at  the  rear  of  the 
cyll,  nder  to  the  existence  of  a  strong  reverse  flow  in  this 
region.  This  expression  is  similar  to  that  developed  by 
Sogin  C151)  for  the  wake  of  all  the  configurations  he 
tested  except  that  the  constant  value  was  0.2  and  the 
Reynolds  number  index  was  0.66. 
The  effect  of  the  wake  region  on  the  heat  transfer  f-rom 
the  cylinder  in  gross  flow  was  also  recognised  by  Boulos  and 
Pei  C851.  They  indicated  that  the  wake,  was,  in  fact, 
subdivided  into  two,  djsvtinct  regions,  the  secondary  vortex 
.  region  which  covers  the  area  after  the  separation  point 
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until  about  0  130  -  150  degrees.  The  rest  oi.  the  rear 
of  the  cylinder  was  the  main  vortex  region.  They  stated 
that  these  two  regions  had  different  heat  transfer 
characteristics  and  separate  heat  transfer  contributions 
from  these  regions  should  be  considered.  To  account  for 
these  separate  contributions,  they  reconmended  the 
following  expression  for  heat  transfer  in  the  wake  region: 
Nuw  =a  Re  K+ 
-- 
b  Re  E  4.16. 
where  the  first  term  on  the  r.  h.  s.  represents  the 
contribution  of  the  secondary  regiont  while  the  second  term 
the  main  vortex  region  in  the  wake.  The  value  for  the  constant 
E  was  chosen  to  be  0.67  while  constant  IbI  was  a  function 
of  the  free  stream  turbulence  conditions. 
Fand  and  KeswanJ,  L1531  utillsed  the  avaJIable  data  and 
developed  a  correlation  ecluation  for  heat  transfer  fron 
circular  cylinders  to  air  in  cross  flow  for  Reynolds 
number  range  from  10ý2  to  2x  10  5.  The  correlation  reads 
as  follows  : 
Hu  V=  Co  + 
-C  1  Re 
0.5 
+ 
-C  2  Re  x  4.17. 
Here  the  properties  were  calculated  at  the  mean  film 
temperature  while  ý  was  the  rat:  Lo  between  mean  film'and 
arkibient  absolute  temperature  raised  to  power  -o.  17.  The 
constant  Co  accounts  for  the  total  heat  transfer  from 
cylinder  by.  free  cronveýtion  and  is  equal  to  0.184.  The 
second  term  on  r.  h.  s.  represents  the  convective  heat  transfar 
to  the  boundary  layer  prior  to  the  separation  point  while 103. 
. 
the  third  term  represents  the  heat  transfer  by  convection 
from  the  rear  of  the  cylinder.  Values  for  the  index  IXI 
were  a  function  of  the  Reynolds  number  as  follows  : 
X=0.247  +  0.0407  Re 
0.168 
In  general,  at  low  Reynolds  number,  as  long  as  the  vertical 
path  is  formed  at  the  rear  of  the  cylinderr'  the  coefficient 
of  heat  transfer  drops  from  its  value  at  the  front  of  the 
cylinder  to  reach  a  mininw  at  the  rear  portion  of  the 
cylinder. 
For  higher  values  of  Reynolds  number,  the.  vortex  shedding 
favours  the  acc-ess  of  a  fresh  cold  mass  of  fluid,  for 
cooling  conditionsr  to  the  cylinder  surface.  Consequeatly 
the  coefficient  of  heat  transfer  reaches  its  minimum  around 
the  separation  point  and  then  increases  downstream  in  the 
vertical  region  at  the  rear  of  the  cylinCler.  The 
improvenent  of  heat  transfer  in  the  circulation  region  is 
due-to  the  increased  transverse  exchange  of  fluid  in  the 
separated  region.  The  strength  of  eddies  in  this  region 
is  clear  from  the  measurements  taken  by  Matsui  C152)  who 
showed  thatv  for  Reynolds  number  of  27000,  the  root  of  the 
,-  tinte  mean  square  of  the  oscillating  flow  in  the  wake  was 
found  to  be  about  50  per  cent  of  that  in  the  mainstream 
velocity.  In  fAct,  these  measurements  were  confirmed  by 
the  earlier  observation  of  Acrivos  et  al  C150). 
At  relatively,  10W  keyn6lds  numbers,  Re  ý  80001  the  heat 
transfer  at  the  froýnt  ts  higher  than  that  in  the  rear  (154). 
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With  increasing  Reynolds  nuzi-ber,  Re  >  20000,  the  heat 
transfer  in  the  vortical  region  increases  and  eventually 
at  Re  >.  40000,  the  maximun.  heat  transfer  occurs  at  the 
rear  instead'of  the  front  of  Jt-.  he  cylinder. 
4.2.3.  Turbulen,  ce  and'heat  transferat  single  cylinder 
It  was  recognised  by  many  research  workers  that 
heat  transfer  from  a  circular  cylinder  in  a  cross  flow  is 
influenced  by.  the  turbulence  in  the  mainstream.  In  fact, 
the  effect  of  turbulence  in  the  incident  flow  is  to  cause 
transition  in  boundary,  layer  and  wake  at  a  lower  Reynolds 
number  than  normal.  The  hi5her  the  Reynolds  number  the 
closer  is  the  boundary  layer  to  becoming  turbulent  and  the 
lower  the  incident  flow  turbulence  required  to  induce  this 
transition.  Once  transition  has  been  induced  by  the 
incident  turbulence,  the  effect  of  increasing  the 
turbulence  level  further  is  relatively  small. 
As  heat-transfer  is  affected  by  a  modification  of  flow 
in  the  boundaryk  layer  and  wake,  its  value  Is  expected  to 
increase  consi4erabl)t  by  increasing  the  turbulence  level 
In  the  Incident  stream.  This  was  observed  as  early  as 
1925  by,  Reiher  C1551  who  reported  an  increase  in  the  rate 
of  heat  transfer  of  50  per  cent  in  a  highly  turbulent 
stream  compared  to  a  low  turbulent  one. 
The  location  of  the  cylinder  relative  to  the  turbulence 
generator  has  a  significant  effect  on  the  heat  transfer 
characteristics  fr6m,  the  cylinder.  Almost  all  grid 
generated  turbulence  is  anisotropic  in  nature,  being  at 
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best  homogenous  in  plAnea  pArallel  with  the  grid  before  the 
influence  of  the  cylinder  model  takes  place.  A  source  of 
inaccuracy  arises  when  the  cylinder  is  placed  too  close 
to  the  turbulence  generator.  Here  the  velocity  field  is 
not  uniform  and  it  is  not  possible  to  separate  the  combined 
effects  on  the  heat  transfer  of  non-uniform  flow  and 
turbulence,  The  mtnimm  dtstance  that  can  be  safely  used 
is  a  complicated  function  of  the  mesh  length  and  dimensions 
of  the  coils  in  the  grid. 
In  the  region  where  the  diatance  f  rom  the  turbulAtor  is 
less  than  10  mesh  lengths,  the  turbulence  intensity  would 
not  be  homogeneous  and  Its  magnitude  would  vary  greatly 
over  the  diameter  of  the  cylinder  (1561. 
While  it  was  reported  by,  Kestin  and  Wood  (1571  that  the 
turbulence  intensitr  and  not  the'turbulence  scale  was  the 
dominant  variable?  it  was.  mentioned  by  Petrie-and  Simpson 
(981  that  the  turbulence  scale,  linked  with  the  cylinder 
dtameter,  r  might  have  sone  effect  when  different  sizes  of 
cylinder  were  used,  Indeed  it  was  shown  by  Zignen  (991 
that  the  Nusselt  nwuber  was  A  functton  of  the  Reýmolds 
number,  r  turbulOACS  IntensIty  And  the  ratto  between  the 
scale  of  turbulence  and  cyýlnder  diameter.  At  a  constant 
Reynolds  number  and  turbulence  Jntensity,,  v  zignen  showed  thiAt 
heat  transfer  varled  with  : tncreasing  turbulent  scale  to 
diameter  raktio  increasing  to  a  Maxinum-yalue  wherx  the  ratio 
-was  about  1.5-to  1.6  =4  theA  decreasing.  Thts  was 
explatned  by,  assum1mg  thakt  at  the  maximum  value  of  the  heat 
transfer  some  effactIye-Irecluency  of  turbulence  coJactded 106. 
with  the  frequenctes  of  the  transition  eddies  which  result 
in  an  interaction  between  the  wake  motion  and  the  induced 
oscillation. 
A  similar  explanation  was  provided  by  Petrie  and  Simpson 
C9-81  when  ther  reported  that  the  improvement  in  heat 
transfer  in  the.  wake  was  the  result  of  a  resonant 
interaction  between  the  wake  motion  and  the  free  stream 
fluctuations. 
.  The  effect  of  turbulence  level  on  the  heat  transfer 
characteristics-of  a  cylinder  in  cross  flow  was  one  of 
the  topics  which  atttacted  the  attention  of  a  large  number 
of  investigAtors.  Xn  1948  Cummings  and  Coworkers  (1581  carried 
out  their  Investigations  to  study  the  variations  of  the 
overall  heat  and  mass  transfer  ratio  from  circular  cylinders 
In  a  crossflow  of  Air  streag,  Two  cylinders  were  used 
for  the  heat  transfer  experimentsp  one  cylinder  was  steam 
heated  and  the  other  was  electrically  heated  over  A  range 
of*Reynolds  number  from  400  to  20000.  They  found  that  at 
constant  Rer  Increasing  the  turbulence  level  In  the 
iAcident  stream  caused  a  mAxJmum  of  25  Per  cent  Increase  : kn 
the  rate  of  heat  transfer.  They  also  noticedthat  the 
lAfluence  of  turbulence  was  iaore  pronounced  at  hJcjhar  Re 
while  its  Influence  was  either  small  or  negligible  at 
smaller  Reynolds  nux)ber.  They  concluded  thAt  the  effect 
of  turbulence  level  on  the  Nusselt  number,  for  Reynolds 
number  morethan  17500  couJ4  be  expressed  An  follows 
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.  where  the  index  n  is  a  function  of  the  turbulence  level. 
n=0.63 
0.07  Beside  its  effect  on  increasing  the  T.  L.  %* 
Husselt  humber,  it  was  shown  that  turbulence  had  an  effect 
on  the  movement  of  the  separation  point  and  a  change  of 
flow  mechanism  in  the  separated  region.  Indeed  the 
increase  in  the  local  flow  parameters  with  turbulence 
level  was  consistent  with  an  effective  increase  in  the  Re 
as  shown  by  Surry  C1931.  On  the  other  handl  he  was  not 
able  to  detect  variations  in,  the  separation  point  due  to 
its  continuous  oscillation. 
Giedt  (431  investigated  the  effect  of  turbulence  intensity 
from  I  to  4  per  centr  on  the  local  heat  transfer  and  skin 
friction  around  cylinders  in  a  cross  flow  of  air.  In 
agreement  with  the  previous  investigators,  his  measurements 
showed  that.  turbulence  produced  results  characteristic  of 
velocities  higher  than  those  indicated  by  the  free  stream 
velocity.  But  as  he  reportedr  at  the  stagnation  point  and 
up  to  approximately  0=  8Qr  with  a  high  turbulence  level, 
the  readings  of  his  skin  friction  probe,  surface  tube,  were 
negative  with  reference  to  the  local  static  pressure.  As 
this  might  mean  a  flow  opposing  the  main  stream  at  the  front 
of  the  cylinder,  Giedt  omitted  the  skin  friction  results  in 
that  region.  -  This  was  attributed  to  the  possibility  that 
the  original  rise  in  dynamic  pressure  in  a  turbulent  air 
stream  due  to  the  turbulent  velocity  fluctuations  was 
registered  on  the  static  pxessure  tappings  but  not  on  the 
surface  tube  at  the  front  of  the  cylinder.  If  this  was 
the  case,  this  woýld  i4ke  It  difficult  to  compare  Giedt's 
results  with  other  inveatJgators.  Moreoverf  Jt  will  leave 
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the  higher  dynamic  head  regýgtered  by  Surry  (193)  with 
reference  to  the  local  static  pressure,  under  high 
turbulence  intensity,  unexplainable.  On  the  quantitative 
side  of  the  experiments,  Gtedt  indicated  that  an  increase 
of  the  heat  rate  of  10  to  20  per  cent  was  recorded  by 
Increasing  the  turbulence  level  in  the  incident  stream. 
Furthermore,  the  relative  amounts  of  heat  transferred 
from  the  front  and  back  halves  of  the  cylinder  varied  with 
Increasing  the  turbulence  level. 
For  low  turbulence  levels  the  ratio  of  the  front  to  back 
half  of  the  cylinder  heat  transfer  was  measured  by  Giedt 
to  be  about  85  per  cent  while  this  ratio  increased  to 
about  110  per  cent  with  a,  higher  level  of  turbulence.  Giedt 
attributed  this  to  both  Increase  of  heat  transfer  on  the 
front  half  and  to  a  decrease  on  the  back  half  of  the 
cylinder.  In  fact,  if  one  assumes  that  increasing  the 
turbulence  is  in  a  way  eqpatvalent  to  an  increase  in  the  flow 
Reynolds  number,  which  has  been  agreed  upon  by  most  of  the 
previous  investigators,  then  the  changes  In  the  front  to 
back  half  heat  transfer  ratio  measured  by  Giedt  cannot  be 
explained.  Because,  in  comparing  these  ratios  and  the 
reasoning  for  them  given  by  Giedt  with  other  results,  for 
example,  Schmidt  and  Wenner  (1621  and  Fand  and  Keswani  C153), 
It  Is.  possible  to  notice  that  for  higher  Reynolds  number,, 
the  contribution  for  the.  rear  portion  was  Increased;  On 
the  other  hand..  the  Increase  in  the  local  heat  transfer 
rate  at  the  FSP  by  25  per  cent  by  increasing  the  T.  L.  up  to 
4  per  cent  reportea  by'GIedt  was  also  recorded  near  the  FSP 
by  Smith  and  Kuethe  (1601.  They,  reported  an  increase  of 
the  local  heat  transfer  of  70  per  cent  by  increasing  the 
T.  L.  from  0.1  to  6_.  I?  er  cent  for  Re  =  240,000. 109. 
Some  other  inv6`stigatorg  relied  on  experiments  in  which 
the  heat  transfer  coefficient  was  determined  by  an  analogy 
between.  heat  transfer  and  mass  diffusion.  This  analogy 
is  based  on  the  similarity  of  the  differential  equation 
governing  diffusion  to  that  ap  plying  to  thermal  conduction. 
That  is  done.  usual-ly  using  the  equations  of  Chilton 
and  Colburn  C161I.  relating  heAt  and  mass  transfer 
coefficients  to  the  function  in  moving  media.  A  method 
which  according  to  Schmidt  and  Wenner,  (162),  is  afflicted 
with  sources  of  error, 
However,  this  meth4xI  was  used  by  KestIn  and  Wood  (157)  to  study 
the  effect  of  freestreaM  turbulence  on  the  local  heat  transfer 
inferred  from  mass  transfer  measurements  of  a  2.4  ia 
thick  layer  of-Paradichlorobenzene  coated  on  a  101  mm 
diameter  plexýglass  cylinder  in  a.  cross  flow  of  air.  They 
measured  thý*rate  of  mass  transfer  by  the  local  reduction  of 
the  coating  layer  thickjxess.  The  turbulence  intensity  was 
measured  upstream  of  the  cylinder  at  a  location  which 
corresponds  to  1,5  Upes.  the  cylinder  diax.  nater,  At  that 
loc4tion,  they  indicated  that  the  effecý  of  the  cylinder 
presence  started  to  Influence  the  mainstream.  Through 
their  measurements,  they  suggested  that  even  the  slightest 
amount  of  turbulence  could  trigger  flow  Instability  and 
results  in,  an  Increase  in  the  mass  and  momentum  transferred 
across  the.  boundary  layer,  Thts  could  be  attributed  to  the 
flow  conditions  In  their  experiments,  since  they  carried  out 
the  Investigation  near  the  critical  range  of  Reynolds 
number  where  the  rec 
. 
(uired  turbulence  to  cause  transition  is 
at  a  minimum.  It  was  also  reported  that  the  effect  of 
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turbulence  wus  iQ  multiply  the  theoretically  predicted 
values,  T.  L.  =  Ol  by  a  nearly  constant  factor  over  the 
front  po.  rtion  of  the  cyllnder*up  to  0=  60  0, 
Mizushina  et  al  (1591  carried  out  an  investigation  which 
was  similar.  in  nature  to  that  of  Kestin  and  Wood  (157)  but 
the  technique  they,  used  was  different.  They  used  an 
electro-chemical  method  to  measure  the  mass  transfer 
around  circular  cylinders  in  a  cross  flow  in  a  water  tunnel 
over  a  Reynolds  number  range  from  3870  to  10380.  This 
technique  was  based  on  a  diffusion  controlled  electrode 
reaction  and  the  mass  transfer  rate.  was  detected  by 
measuring  the  electric  current  on  a  small  electrode  isolated 
from  the  surrounding  mass  transfer  electrode  surface.  In 
contra  st  to  Kestin  and  'RoQdls  observationst  they  indicated 
that  the  effe'qt  of  turbulence  on  the  local  mass  transfer 
became  larger  with  the  increase  in  the  azimuthal  angle  0 
from  the  FSP,  Sixxce  the  effect  of  turbulence  increases 
with  increasing  Or  then  it  is  to  be  expected  that 
turbulence  effect.  becQ.  rqea  quite  large  near  the  separation 
point  and  eventually  could  promote  some  sort  of  movement 
of  the  flow  sepakration  location  on  the  surface. 
Mtzusliinals  results  showed.  that  the  Increased  turbulent 
intensity  in  the  free  stream  caused  the  separation  point 
to  move  in  the  upstream  directton.  These  results  are  in 
disagreement  with  the  observations  of  Zijenen  C99)  who 
indicated  that  by  Increasing  the  turbulence  level  the 
boundary,  layer  flow  penetrates  further  downstream  and  the 
wake'of  the  cylinder  more  Intensely  turbulent  which  results 
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in  an  increased  heat  transfer  coefficient. 
Richardson  C194),  stated  that  the  free  stream  turbulence 
intensity  did  not  appear  to  have  a  major  effect  upon 
heat  transfer  at  the  rear  stagnation  point  of  a  bluff 
body,  in  distinct  contrast  with  its  effect  at  the  forward 
stagnation  point.  On  the  other  hand,  a  recent 
investigation  carried  out  by  Simonich  and  Bradshaw  (195) 
showed  that  for  a  turbulent  boundary  layer,  in  zero 
pressure  gradient,  the  effect  of  the  generated  free 
stream  turbulence  was  to  increase  the  heat  transfer  by 
almost  five  per  cent  for  each  one  per  cent  r.  m.  s.  increase 
of  the  longitudinal  intensity. 
These  findings  contrast  with  those  of  Kestin  et  al  (199) 
who  demonstrAted  that  the  free  stream  turbulence  does 
not  exert  a  local  effect  on  the  coefficient  of  heat 
transfer  through  a  laminar  or  a  fully  developed  turbulent 
boundary  layer  in  zero  pressure  gradient.  They  showed 
that  the  imposition  of  a  favourable  pressure  gradient 
over  the  test  plate  restored  the  effect  of  turbulence 
intensity  on  the  local  rate  of  heat  transfer. 
That  point,  was  investigated  by  Petrie  and  Simpson  (98) 
who  investigated  the  effect  of  turbulence  on  heat  transfer 
in  the  rear  region  of  a  cylinder  for  5000  <  Re  <  35000. 
They  demonstrated  the'sensitivity  of  that  region  to  free 
strean,  turbulence  intensity  and  showed  that  an  increase 
in  T.  L.  to  10.  per.  ceni  resulted  in  improvement  of  heat 
transfer  of  100  per'cent  at  the  rear  of  the  cylinder. 
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Obviously,,  such  results  do  not  coincide  with  the 
observations  of  Giedt  (43)  for  Re  =  95000.  In  agreenrent 
with  Zijnen's  results,  they  showed  that  the  point  of 
minimum  pressure  and  consequently  the  flow  separation 
point  was  moved  downstream  by  increasing  the  main  stream 
turbulence  intensity. 
Recent  investigations  (169)  suggested  that  the  local 
heat  transfer  of  a  circular  cylinder  increases  considerably 
with  turbulence  level  in  the  incident  flow.  Furthermore, 
it  was  shown  that  the  critical  flow  regime  could  be 
established  in  as  low  Reynolds  number  as  39000  by 
increasing  the  turbulence  level  to  11.5  per  cent. 
Kestin  and  Wood  (198)  provide  an  evidence  to  show  that 
the  flow  field  in  the  laminar  boundary  layer  formed  in 
the  neighbourhood  of  the  FSP  in  a  two  dimensional  blunt 
Ix)dy  is  three  dimensional  in  character.  Horeover,,  the 
effect  of  free  stream  turbulence  on  heat  and  mass  transfer 
rates  from  the  forward  portion  of  the  cylinder,,  in  cross 
flow,,  is  indirect. 
A  relationship  between  the  ratio  of  heat  transfer  with 
an  arbitrary  turbulence  intensity  to  that  with  zero 
intensity  and  the  product  of  the  Reynolds  number  and 
turbulence  level  was  suggested  by  Dyban  and  Epick  (169). 
The  relation  reads  as  follows  t- 
NuO  T.  L.  0 
Nue  T.  L.  0 
1+0,01  (Re,  (T*L*))  o.  5  4.19. 113. 
This  relationship  was  recomended  for  the  evaluation  of 
the  influence  of  turbulence  on  heat  transfer  rate  from 
the  FSP  up  to  e=  660,  that  is  at  the  base  of  the  laminar 
boundary  layer  at  the  front  portion  of  the  cylinder. 
Lowery  and  Vachon  C201)  presented  an  equation  that  enables 
the  stagnation  point  heat  transfer  as  a  function  of 
turbulence  intensity  to  be  determined.  For  the  range  of 
o  0.  Tu  Reh  <  64,  the  correlation  reads  :- 
%  Tu  Reý  Tu  Re 
ý2 
Nu/Re  1.01  + 
. 
2.624{-  -  3.07  --j-1  100  00 
4.2.4.  Distribution  of  heat  transfer  around-single  cylinder 
Theoretical  predictions  of  the  local  heat  transfer 
rate  at  the  forward  part  of  the  cylinder  surface  in  a  cross 
flow  is  usuaily  carried  out  in  a  form  of  equation  similar 
to  4.14,  calculated  using  local  flow  parameters.  Using 
a  power  distributionto  the  velocity  outside  the  boundary 
layer.  Frossling  (1701  developed  the  following 
equation: 
X2X40.5  HUX  (0.945  -  0.7696  0.3478  (-D  Re  4.20. 
where  X  is  the  distance  along  the  cylinder's  circumference 
measured  from  the  FSP.  It  is  obvious  that  such  formula 
yields  a  maximum  heat  transfer  rate  at  the  FSP  which 
I 
gradually  diminishes  with  increasing  distance  X. 
on  the  experixuental  side  of  the  investigations,  there  is 
disagreement  among  the  research  workers  not  only  on  the 
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local  values  but  also  on  the  shape  of  the  distribution 
of  heat  transfer  around  the  cylinder.  The  peculiar 
features  of  the  heat  transfer  at  the  front  stagnation 
point  will  be  dealt  with  in  section  4.2.5. 
In  recognising  the  difficulties  encountered  by  individual 
investigators  in  measuring  the  heat  transfer  parameters, 
e.  g.  j  accurate  temperature  measurements,  which  might 
partially  explain  the  large  variations  in  the  absolute 
values  of  the  reported  Nu.  The  following  review  is 
based  mainly  on  a  qualitative  rather  than  a  quantitative 
study.  As  it  will  be  shown  in  this  section,  the 
measurements  from  different  sources.  are  not  in  agreement 
even  between  those  realised  by  the  same  techniques  and 
this  kind  of  disagreement  appears  almost  for  every 
technique  found  in  the  literature. 
The  first  available  reported  distribution  of  heat 
transfer  around  cylinders  is  that  of  Rqiher  (155)  who 
measured  the  rate  of  heat-transfer  for  a  non-isothermal 
cylinder  for  Reynolds  numbers  up  to  4400.  As  far  as 
the  distribution  is  concerned,  h  is  measurements 
indicated  that  there  was  a  maximum  in  the  heat  transfer 
at  the  FSP  which  decreased  gradually  until  it  reached  a 
minimum  at  the  rear  stagnati6n  point  of  the  cylinder. 
He  realised  these,  measurements  by  measuring  the  outer 
surface  temperature  of  a  28  mm  O.  D.  tube  carrying  cold 
water  with.  hot  air  flowing  externally  across  the  tubey 
then  the  outer,  sdrface  temperature  variations  should 
indicate  the  variation  of  heat  transfer  around  the 
cylinder. 115. 
Measurements  reported  by  Drew  and  Ryan  (145)  for  Re  -  39600 
around  a  steam  heated  cylinder  in  cross  flow  of  cold  air,  while 
their  distribution  shape  agreed  with  that  obtained  by 
Lohrisch  (165),  it  did  hot  agree  with  that  obtained  by 
Reiher.  The  measured  local  heat  transfer  ratep  detected 
by  the  amount  of  condensate  from  various  longitudinal 
internal  divisions,  showed  that  it  was  decreasing  from  the 
FSP  until  it  reached  0=  180  0',  They  attributed  the 
distribution  for  the  cooling  water  within  his  tube  or'to 
some  peculiarity  of  air  flow  existing  in  the  vicinity  of 
the  cooled  pipe.  On  the  other  hand,,  they  attributed  the 
discrepancies  between  their  results  and  those  of  Lohrisch 
which  were  inferred  from  the  mass  analogy  technique,  to 
the  effects  of  the  hot  walls  of  the  cylinder  in  their 
investigations  upon  the  velocity  field  near  the  sides  and 
rear  of  the  cylinder.  By  comparing  Drew  and  Ryan's 
results  with  those  of  Lohrisch,  it  is  possible  to  notice 
that,,  under  similar  flow  conditions,,  the  minimum  values 
which  are  related  to  the  region  of  separation  do  not 
correspond  to  the  same  location  at  the  cylinder  surface. 
Coiisequently,  the  discrepancies  between  these  two  groups 
of  results  could  be  due  to  the  difference  in  the  turbulence 
levels  in  both  studies.  However,,  this  was  not  mentioned 
in  their  papers. 
Thomson  et  al  (154)  carried  out  an  investigation  in  which 
they  recordedg,  for  Re  <  8000,,  a  heat  transfer  rate 
distribution  which  agrees  with  that  of  Reiher.  The  rate 
continuously  fell  from  its  peak  at  the  FSP  to  reach  a 
minimum  at  the  rear  stagnation  point.  Their  work  had 
substantiated/... 
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substantiated  Rether's  wor%  and  extended  it  to  a  higher  Re. 
Fujii  at  al  (164)  predicted  a  heat  transfer  distribution 
around  a  circular  cylinder  in  cross  flow,,  which  was 
similar  to  that  obtained  by  Reiher.  For  Re  equal  to 
60000  they  showed  that  the  distribution  had  a  maximum, 
value  at  the  FSP  and  decreased  gradually  to  reach  a  minimum 
at  the  rear  stagnation  point. 
Petrie  and  Simpson  (981  noticed  that  the  variations  in 
heat  transfer  around  the  cylinder  in  their  investigation 
were  not  only  in  magnitude  but  also  in  trend  at  a  great 
discrepancy  with  other  investigators.  From  the 
measurements  obtained  for  pressure  and  velocity  together 
with  the  heat  transfer  results,  they  concluded  that  their 
measurements.  with  small  gradients  around  the  cylinder 
appeared  the  most  satisfactory  ones.  This  seems  to  be 
the  case  according  to  Thomson  and  Coworkers  (154)  who 
found  that  there  was  an  almost  flattening  of  the 
distribution  when  they  considered  the  variation  of  the 
heat  transfer  on  the  cold  side  of  a  water  cooled  cylinder  in 
a  hot  air  cross  flow.  They  attributed  this  flattening 
effect  to  the  lateral  conduction  of  heat  due  to  the 
circumferential  temperature  gradient.  This  effect  of 
lateral  conduction  was  also  reported  by  Cess  and  GroS'h  C185) 
who  indicated  that  such  an  effect  can  give  results-10  per 
cent  lower  than  those  based  on  the  surface  temperature. 
In  1935,  Small  (166)  used  a  surface  thermopile  to  measure 
the  local  variations',  of  heat  transfer  rate  around  a 
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uniformly  heated  cylinder  using  steam  as  a  heating  medium. 
Small  showed  that  he  obtained  considerably  higher  rates 
by  correlating  the  measurements  with  his  overall  parameters 
and  the  distribution  around  the  cylinder  was  quite  steep 
with  equal  peaks  on  FSP  and  at  rear  stagnation  point. 
On  the  other  hand,  Schmidt  and  Wenner  C162)  flattened 
Small's  distribution  by  correlating  his  measurements 
against  the  correlation  given  by  Fishenden  and  Saunders 
[1671.  rather  than  the  parameters  measured  by  Small. 
It  was  shown  by  Schmidt  and  Wenner  that  these  recorrelated 
measurements  of  Small  were  in  good  agreement  with  theirs 
obtained  using  an  electrically  heated  strip  isolated  from 
the  rest  of  the  isothermal  surface  of  the  cylinder. 
4.2.5.  Heat  tran  sfer  in  relation  to  skin  friction-around, 
'cylinders 
The  sort  of  heat  transfer  rate  distribution 
mentioned  in  the  previous  section,  apart  from  the 
possibility  of  having  some  mJnlxum  value  around  the 
separation  point,  does  not  give  clear  Impressions  about  the 
relationship  between  the  flow  characterised  by  the  skin 
friction  and  the  heat  transfer  around  a  cylinder  In  cross 
flow. 
In  1931,,  Page  and  Falkner  C381  indicated  thatf  provided 
the  flow  velocitY  was  sufficiently  great  for  the  free 
convection  at  the  surface  to  be  Ignored,,  there  was  a  linear 
relationship  between  the  heat  rate  and  the  square  route 
of  the  mainstream  velocity  for  constant  e.  CO  e,  6001. 
With  And  without  a  turbulatQr  In  the  tunnel,  they  recorded 118. 
a  heat  transfer  rate  distribution  which  showed  a  trend 
that  might  be  coupled  with  that  of  the  skin  friction 
distribution  in  the  area  between  the  FSP  and  the  flow 
separation  point. 
For  Reynolds  numbers  in  the  subcritical  range,  the  heat 
transfer  distribution  was  a  relative  minimum  at  the  FSP, 
following  the  skin  friction  trend.  This  minimum 
gradually  increased  untIl-it  showed  maximum  value  about 
e=  50  degrees,  In  the  region  where  maximum  skin  friction 
was  recorded.  Thereafter,  the  rate  of  heat  transfer, 
decreased  to  reach  a  mininrum  around  the  region  where  the 
skin  friction  reached  zero  indicating  the  positon  of  flow 
separation  on  the  cylinder  circumference.  Whenever  there 
was  a  transition  from  laminar  to  turb  ulent  boundary  layer 
which  manifests  Itself  by  a  drop  in  the  skin  friction 
followed  by  a  sharp  rise,  that  was  also  shown  on  their 
measurements  of  heat  transfer  being  characterised  by  a 
mdLnJLmum  followed  by  a  second  maýximum  in  the  heat  transfer 
rate. 
These  observations  of  Page  and  Falkner  drew  the  attention 
of  Small  (166).  Nevertheless,  his  measurements'showed  a 
mAxim=  heat  rate  at  the-FSP  which  graduallydecreased  to 
its  m  Lnimum  in  the  separation  region  and  no  explanation 
was  offered  for  the  discrepancies  between  the  two 
investigations  in  the  neighb9urhood  of  the  FSP. 
In  1937,,  Bake  r  and  Mueller  C1971  carried  out  an 
-investigation  to  study  the  heat  transfer  variations  around  the 
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circumference  of  a  horizontal  tube  IA  a  downward  flow  of 
condensing  pure  and  mixed  vapour.  Their  measurements 
withpure  steam  showed  a  max.  1mum  rate  at  the  FSP  which 
then  gradually  decreased  with  increasing  e  from  the  front 
of  the  cylinder.  Adding  Benzine  to  the  steam  caused  the 
R.  Te  rate  to  increase  from  the  FSP  to  reach  a  maximum 
value  at  about  e=  35  degrees  and  then  gradually  decrease 
0 
to  reach  a  minimum  at  e-  180  ,  bottom  of  the  cylinder, 
with  high  rates  of  condensation.  On  the  other  hand, 
adding  Reptane  to  the  steam,  caused  the  maximum  rate  of 
heat  transfer  to  be  at  about  e=  90  0  with  low  rates  of 
condensation.  No  explanation  was  offered  for  such 
peculiar  behaviour  f6r  heat  transfer  distribution  around 
the  cylinder  perimeter. 
The.  trend  observed  by  Small  near  the  FSP  was  also  noticed  by 
Winding  and  Cheney  C1711  using  the  masstransfer  analogy  to 
obtain  results  forthe  heat  transfer  around  a  single  cylinder. 
The  effect  of  changes  in  dimensions  on  the  aerodynamic  conditions 
around  their  naphthalene  coated  cylinder  was  neglected  as 
the  maximum  radial  variations  were  about  6  per  cent.  Using 
a  streamlined  tube  the  distribution  was  quite  different. 
Schmidt  and  Wenner  C1621  noticed  that  the  heat  distribution 
at  the  front  of  a  circular  cylinder  was  modified  when  the 
cylinder  was  streamlined  at  the  back.  They  reported  a 
slight  drop  in  the  heat  transfer  at  the  FSPj,  a  phenomenon 
which  was  attributed  to  the  affect  of  the  facilitated  flow 
off  at  the  back.  On  the  other  hand,  using  the  mass 
transfer  analogy  over  a  streamlined  tube,  WJnding  and  Chaney 1  2C. 
showed  a  relatwe  mtnimum  heat  rate  at  the  FSP  which 
increased  to  reach  a  maximum  at  either  side  of  the  FSP. 
Giedt's  measurements  (44),  apart  from  the  FSP  region, 
showed  a  correlationbetween  heat  transfer  and  skin 
friction  around  a  non-isothermal  cylinder  surface.  As 
noticed  earlier  by  Fage  and  Falkner  (38),  Giedt  noticed  that 
the  beat  transfer  reached  a  minimum  at  the  separation 
point  and  whenever  there  was  a  second  peak  in  the  skin 
friction,  due  to  transition,  there  was  a  corresponding 
maximum  in  the  heat  transferred. 
According  to  the  available  literature,  it  appears  that 
research  workers  continued  to  report  a  similar  trend  to 
that  obtained  by  Giedt  and  the  trend  shown  In  the  thirty's 
by  Page  and  Falkner  was  not  reported  again  until  the 
early  sixty's. 
In  1961  Grassmann  and  Trub  C163)  used  an  electrochemical 
technique  to  measure  the  local  mass  transfer  coefficients 
in  analogy  to  those  of  the  heat  transfer  around  a  circular 
cylinder.  Over  a  subcrttical  flow  range  up  to  a 
Reynolds  number  of  12000,  all  their  experimental  runs  down 
to  Re  =  460  showed  a  minimum  coefficient  at  the  FSP  which 
increased  to  reach  a  maximum  at  0=  12  degrees  and  then 
decreased  gradually  to  reach  a  minimum  value  at  the  flow 
separation  region. 
As  this  phenomenod  atthe  F5P  might  be  attributed  to  the 
influence  of  boundary  layer  flov?  fluctuations  in  the  front 
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region  of  the  cylinder,  Grassman  and  Trub  measured  the 
local  turbulence  in  that  region.  Their  observations 
indicated  that  there  was  no  or  negligible  fluctuations  at 
the  FSP  with  Re  =  10500.  At  0=2.5  degrees  the 
turbulence  increased  and  corresponded  to  that  in  the  flowing 
medium,  but  from  0=5  degrees  the  turbulence  disappeared 
as  the  laminar  boundary  layer  developed  over  the  frontal 
portion  of  the  cylinder  circumference. 
Similar  characteristics  at  the  FSP  were  recorded  in  1972  by 
MIzushina  et  al  (159).  using  the  electrochemical  mass 
transfer  technique  in  a  water  tunnel.  They  checked  their 
data,  by  recording  the  mass  transfer  coefficients  at  two 
symmetrical  positions  around  the  cylinder's  FSP,  and  the 
discrepancy  of  both  values  was  about  2  per  cent,  at  most, 
These  data  for  flow  and  turbulence  conditions  similar  to 
'L'  Grassmann  and  Trubeg  for  Re  =  10380f  were  in  that 
oA 
agreement  about  the  distribution  trend  at  the  forward 
portion  of  the  cylinder  and  that  there  were,  in  both 
sets  of  data,  at  a  minimum  at  the  FSP.  But  this 
agreement  was  lost  as  far  as  the  position  of  the  peak 
after  the  FSP  was  concerned.  While  data  of  Grassmann 
and  Trub  showed  the  peak  around  12  degrees  from  the  FSP, 
Mizushina  et  al  recorded  their  peak  at  about  40  degrees  fron 
FSP  which  was  very  close  to  the  region  of  maximum  shear 
stress.  The  effect  of  different  turbulence  levels  on 
their  distribution  was  that,  the  smaller  the  turbulence 
Intensity,  the  flatter  the  distribution  but  with  all  the 
intensities  used  the  peak  was  recorded  around  the 
location  of  the  shear  stress  peak  at  the  front  of  the 
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cylinder.  Their.  results  in  this  region  were  contrasted 
with  those  theoretically  pre6icted,  e.  g.,  Frossling  (170) 
but  no  explanation  was  offered  for  such  d1screpancies. 
The  idea  to  attribute  these  r..,  easurements  and  its  trend  at 
the  front  of  the  cylinder  to  the  type  of  technique  used 
by  Grassmann  and  Trub  and  Mizushina  et  al  was  rejected  by 
the  evidence  provided  in  its  fravour  by  Zeev  Rooten  (173). 
indicated  t1hat  the  advantage  of  using  diffusion  controlled 
electrochemical  technique  was  the  ease  and  accuracy  of 
measurements.  Its  main  advantage  was  the  high  level  of 
results  reproducibility  provided  that  extreme  cleanliness 
Wa3  exercised  during  tests.  But  its  major  disadvantages 
were  the  limitations  as  to  the  choice  of  test  fluid,  probe 
material,  solute  and  supporttng  electrolyte. 
Referring  to  direct  measurements  of  heat  transfer  rate, 
the  relationship  between  heat  transfer  and  skin  friction 
on  the  frontal  part  o-A:  the  cylinder  was  recorded  by 
Bellhouse  and  Schultz  C24,174).  They  used  an 
electrically  heated  thin  metallic  film  to  measure  the 
mean  skin  friction  in  laminar  and  turbulent  flow  across 
a  circular  cylinder.  The  film  probe  acted  as  both  a  heat 
source  and  a  heat  transfer  gauVe,  and  the  heat  supplied 
to  the  air  flow  could  be  deduced  from  electrical  power 
supplied  to  the  probe,  Under  the  condltJons  of  a. 
con3tant-temperature  geed  back,  controlled  probe  fed  by  a 
constant  voltage,  the  probe  current  was  directly  related 
to  the  heat  transfer  rate  to  the  flowing  air  stream. 
Plotting  the  ftlm,  current  against  the  azimuthal  angle  0, 
theyj..., 
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they  recorded  a  min  i=  heat  rate  at  the  FSP  which 
increased  to  reach  a  peak  at  the  -region  of  maximum  shear 
stress..  These  results  confirmed  the  existance  of  a 
relationship  betwedri  the  heat  transfer  and  flow  at  the 
frontal  part  of  the  cylinder  as  found  earlier  by  Fage  and 
Falkner  (38)  . 
While  Bellhouse  and  Schultz  found  it  necessary  to  calibrate 
their  probe  for  different  levels  of  t.  emperature  elevation, 
Rotem  (173)  used  a  probe  made  of  a  thin  strip  of  metal 
alloy  whose  electrical  resistance  did  not  change  much  with 
change  of  temperature.  Moreover,  while  Bellhouse  and  Schuitz's 
P  robe  aiiaed  at  creating  an  isothermal  surface,  the  Rotem's 
constant,  a  Nichrome  probe  aimed  at  the  creation  of  a 
surface  of  approximately  constant  heat  flux.  Measurements 
with  this  pr  obe  for  heat  transfer  and  mass  transfer  in  oil 
tunnel  showed  that  both  distributions  had  a  relative 
m1n.  1mum  at  the  FSP  which  gradually  increased  to  reach  a 
peak.  -at  the  regio  n  of  maximum'shear  stress.  '  Thereafter 
both  distributions  decreased  to  reach  their  minJinum  towards 
the  flow  separation  point.  A(ja:  tnr..  these  results.  confirmed 
those  of  Fage  and  Falkner. 
One  of  the  extensive  investigattons  into  the  local  flow 
parameters  around  single  cylinders  In  cross  flow  over  a 
wide  range  of  Re,,  was-  that  carried  out  by  Achenbach-  (175, 
45j  80,176).. 
.. 
Although,  experiments  for  heat-transfer  and 
skin  friction  were  made  separately,  a  quantitative  study 
into  the  relationbetween  the  two  parameters  Is  possible. 
It  must  be  n6ticed  that  he  measured  the  rate  of  heat 
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transfer  using  a  probe  which,  in  principle,  is  similar  to 
that  of  Bellhouse  and  Schultz,  in  other  words,  an 
electrically  heated  probe  isolated  from,  and  working  on, 
an  isothermal  cylinder  surface.  And  again,  the  value  of 
the  electrical  input  was  used  for  the  determination  of  the 
local  heat  flux. 
- 
Using  that  probe  on  a  smooth  cylinder,  Achenbach  C175). 
obtained  results  Similar  in  character  to  these  reported 
by  Krujilin  (180)  which  showed  that  the  heat  transfer 
rate  was  a  maximum  at  the  FSP  which  diminishes  with  distance 
towards  the  flow  separation  point.  Apart  from  that, 
Achenbach's  distribution  ot  heat  rate  followed  the  trend  of 
the  flow,  skin  friction,  In  the  boundary  layer  until  flow 
finally  separated  from  the  cylinder  surface. 
However,,  Wýn  Achenbach  used  a  roughened  cylinder  C80,  r  175), 
the  picture  was  different  from  that  for  smooth  cylinders. 
For  the  subcritical  Re,  it  was  possible  to  notice  that 
the  heat  transfer  rate  on  the  frontal  part  of  the  cylinder 
had  just  followed  that  for  the  shear  stress  distribution  up 
to  the  separation  point.  Besides,  the  minimum  values 
obtained  at  the  FSP,  normal:  Lsed  by  the  square  route  of  Re, 
were  higher  than  those  for  smooth  cylinders. 
Achenbach  attributed  the  changes  in  the  heat  rate 
characteristics  at  the  front  of  the  cylinder  to  the  effect 
of  surface  roughness  on  the  flow  at  Re  >  105,  and  eventually 
the  transcriticalflow.  range  was  assumed  to  be  established 
by  increasing  the  roughness  up  to'M  300  x  10'"5,  D 
Consequently/ 125. 
Consequently,  the  transition  from  laminar  to  turbulent  flow 
in  the  boundary  layer  took  place  close  to  the  FSP  and  any 
further  increase  in  the  surface  roughness  had  no  effect  on 
the  flow  and  heat  distribution  around  the  cylinder.  These 
conclusions  of  Achenbach  at  the  transcritical  flow 
conditions  around  a  bluff  body  are  in  disagreement  with  the 
observations  of  Rhodes  and  Bloxom  (177)  in  1962.  They 
need  a  special  point  which  had  been  developed  to  change 
through  three  visible  spectral  orders  for  various  wall 
temperatures  on  spheres  with  diameters  up  to  14.2  mm.  At 
Mach  numbers  over  100  results  showed  that  the  heat  transfer 
rate  fell  off  on  the  sphere  from  its  maximum  value  at  the 
FSP  and  diminished  towards  the  rear  of  the  cylinder. 
Indeed,  such  a  distribution  does  not  follow  the  skin 
friction  distribution  around  spheres  at  these  flow 
conditions  (103)  and;  it  is  obvious  that  it  contradicts  with 
the  conclusions  drawn  by  Achenbach  at  the  transcritical 
flow  around  bluff  bodies. 
Of  course,  one  might  question  the  possibility  of  the 
influence  of  blockage  ratio  used  by  different 
investigators  as  an  explanation  for  these  discrepancies 
reported  about  the  heat  transfer  characteristics  at  the 
frontal  part  ok  the  cylinder  in  relation  to  the  flow  in 
that  region.  Since  it  is  known  that  when  the  cylinder 
occupies  a  large  part  of  the  channel  cross  sectional  area 
(high  blockag  a  ratio 
9) 
changes  occur  in  the  pressure  x 
distribution,  transition#  separation  point  and  heat  transfer 
around  the  cylinder., 
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These  changes  due  to  the  blockage  effect  were  shown  by  the 
investigations  carried  out  by  Akelbaev  et  al  (178)  around 
57.8  mm  diameter,  uniformly  heated  cylinder.  Their 
theoretically  predicted.  values,  following  the  method  of  Merk 
(179),  demonstrated  that  for  R>0.39,  the  heat  transfer  x 
rate  increased  at  the  FSP  with  increasing  blockage  ratio. 
Their  results  showed  that  for  high  blockage  ratio, 
R>0.6,, 
x 
the  heat  transfer  distribution  deviated  from  that 
chara4pterised  by  its  maximum  at  the  FSP.  Over  the  rqnge 
of  12000  <  Re'-4  125000,  experiments  showed  that  with  higher 
blockage  ratio,  '  2>0.7,  the  minimum  at  the  FSP  gradually  X 
increased  to  reach  a  peak  at  about  e=  700  from  the  FSP. 
The  effect  of  blockage  ratio  on  heat  transfer  distribution 
was  also  reported  by,  Perkins  and  Leppert  (821  who  showed 
that  this  distributton  became  less  steep  at  the  front  of 
the  cylinder  by  Increasing  XR  from  0.2  to  0.4  while  such 
effects  for.  RX 
-  0.42  were  not  reported  by  Schmidt  and 
Wenner  C162). 
, Such  changes  associated  with  different  blocka  e  ratio 
cannot  be  attributed  simply  to  the  increase  in  the 
effective  Reynolds  number  approaching  the  cylinder  as  a 
result  ot  the  blockage  effect,  e..  9.1  reference  248.  This 
was  clear  when  a  compartson  WAS  nade  between  Akelbaevla 
data  at  main  stream  Reynolds  number  of  50,000  with  0.83 
and  Achenbach.  's  datat  for  Re  -3x  10  50 
The  0eat  of  attributUig  the  dtocrepancies  between  dJfferent 
. 
invest4gators,  #  ikroun4  the  gront  of  the  cyltnder,  to  the 
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effect  of  blockage  ratio  does  not  seem  to  be  reasonable, 
That  was  obvious,  since  data  of  Small  (166),  Krujilin  (180), 
Giedt  (44)  and  Achenbach  (45)  on  one  hand,  and  Fage  and 
Falkner  (38),,  Grassmann  and  Trub  (163)  and  Mizushina  et  al 
(159)  on  the  other,  were  carried  out  under  blockage  ratio 
ranging  from  0.125  to  0.2  and  the  effect  of  blockage  ratio 
seemed  to  be  a  secondary  one. 
Moreover,,  these  investigations  were  made  using  cylinders 
with  span  to  diameter  ratio  ranging  for  3.3  to  16. 
However,  it  was  indicated  by  Achenbach  (176)  that  the 
effect  of  this  ratio  on  the  flow  at  mid-height  of  the 
cylinder  is  only  considerable  when  this  ratio  was  less 
than  3.  Consequently,  attributing  discrepancies  at  the 
front  of  the  cylinder  in  the  above  mentioned  investigations 
to  the  span'to  diameter  ratio  effect  was  also  unreasonable. 
As  to  the  reasoning  given  by  Achenbach  (45)8  that  the 
finite  width  of  his  probe-as  well  as  the  conduction  of  heat 
in  a  circumferential  direction  falsifies  the  true  experimental 
rdsults,,  that  was  not  the  case,  It  is  true  that  the 
circumferential  conduction  could  flatten  out  the  distribution 
as  shown  by  Thomson  et  al  (154),,  but  nevertheless,  the  maximum 
and  minimum  could  not  be  falsified  completely  by  the  probe 
width  since  it  substended  a  small  angleýof  2.3o  to  the  axis 
of  the  cylinder* 
one  of  the  important  features  of  the  relationship  between 
flow  and  heat  transfer  around  the  cylinder  in  a  cross  flow 
is  the,  dependence  of  the  variations  in  the  heat  "transfer 
on/. 128. 
on  the  relationship  between  flow  and  heat  transfer  around 
the  cylinder  in  a  cross  flow  is  the  dependence  of  the 
variations  in  the  heat  transfer  on  variations  in  the  flow. 
As  was  noticed  by  Schmidt  and  Wenner  (162)  the  point  of 
minimum  pressure  around  the  cylinder  was  located  prior  to  the 
location  of  minimum  heat  rate.  A  similar  observation  was 
made  by  Giedt  (44)  and  he  showed  that  the  minimum  heat 
transfer  occurred  at  about  10  degrees  further  back  along 
the  cylinder  circumference  than  the  point  of  minimum  static 
pressure*  One  of  the  important  results  of  Achenbach  (45) 
is  that  the  minimum  point  of  heat  transfer  lagged  downstream 
of  the  flow  separation  point  as  a  consequence  of  vanishing 
skin  friction  downstream  the  point  of  minimum  pressure 
around  the  cylinder. 
This  was  also-clear  from  the  measurements  of  Winding  and 
Cheney  (171)  when  they  reported  a  minimum  heat  transfer 
coefficient  which  was  further  downstream  of  the  point  of 
minimum  pressure  for  streamlined  tube  (172). 
From  the  previous  discussion,  it  is  clear  that  most  of  the 
research  workers  agreed  that#  apart  from  the  region  in 
the  front  of  the  cylinder,,  there  is  a  relation  between  the 
local  heat  rate  and  shear  stress  around  the  cylinder  prior 
to  the  final  flow  separation  point.  Moreover,,  the 
relationship  is  accepted  for  the  overall  heat  transfer, 
(e.  g.,  Davies  and  Fisher  (181)). 
While  the  discrepancies  and  disagree  nts  could  be 
understandable  in  the  circulation  regiong,  which  is  far  too 
complicated/ 129. 
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complicated  to  analyse,  the  disagreement  around  the  front 
of  the.  cylinder,  where  the  boundary  layer  exists,  is  not 
exactly-understandable.  This  is  really  confusing  in 
particular  when  investigations  were  carried  out  under 
similar  flow  conditions  and  using  similar  techniques  of 
measuring  the  local  parameters. 
The  departure  of  the  heat  transfer  from  a  circular  cylinder 
from  that  predicted  by  boundary  layer  analysis  was 
investigated  by  Lee  and  Richardson  (200).  They  showed  that 
this  departure  may  be  attributed  to  the  effect  of  the 
boundary  layer  curvature. 
Finally,  since  the  measurements  showed  that  both  point  unit 
heat  transfer  coefficients  and  shear  stress  rise  from 
coincident  minimums  on  the  front  half  of  the  cylinder  and 
drop  to  coincident  minimums  on  the  back  half,  it  is  quite 
reasonable  to  assume  the  maximum.  values  in  between  occur 
near  the  same  point. 
4.2.6.  Heat  transfer  for  a  tube  in  a  staggered  bank 
In  the  beginning  of  this  century  condenser  tests 
showed  variations  in  the  characteristics  of  individual 
tubes  according  to  their  location  in  the  tube  bundle. 
These  variations  were  determined  mainly  by  the  flow 
pattern  which  depends  to  a  great  extent  on  the  tube" 
arrangenent  in  the  bundle.  Moreover,  an  inner  tube  in 
the  bundle  is  expected  to  be  influenced  by  the  highly 
turbulent  flow  emekgir4from  the  preceeding  rows. 
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Although  there  are  some  theoretical  approaches  to  help  in 
the  design  calculations  of  heat  exchangers  (e.  g.  Roetzel  (182)), 
the  prediction  of  heat  exchangers  performance  was  still 
relied  upon  in  the  experimental  investigations  carried  out 
in  the  field.  These  investi  gations  indicated  that  the 
heat  transfer  from  a  cylinder  in  the  first  row  is  similar  to 
that  of  a  single  cylinder  in  cross  flow  except  at  its  rear 
part  which  may  show  the  effect  of  interference  from  the 
succeeding  row.  This  interference  with  the  first  row's 
wake  depends  on  the  tube  spacing  in  the  bundle.  This 
could  have  an  effect  on  the  turbulence  in  the  wake  which 
could  cause  changes  in  its  mean  heat  transfer.  As  the 
fluid  passes  through  the  first  row,  it  is  disturbed.  The 
turbulence  produced  causes  an  increase  in  heat  transfer  in 
subsequent  rows. 
Eventually,,  'bnce  the  turbulence  in  the  bank  reaches  its 
stable  conditions,  the  heat  transfer  becomes  more  or  less 
stable  and  similar  heat  transfer  is  obtained  from  rows  deep 
in  the  bundle.  The  intensity  of  the  turbulence  produced 
from  the  preceeding  rows  depends  upon  the  longitudinal 
pitch  ratio  between  two  successive  rows  and  consequently  the 
heat  transfer  will  change  with  changes  in  that  pitch  ratio. 
The  effect  of  the  longitudinal  pitch  ratio  on  heat  transfer 
of  a  tube  In  the  bank,  could  resemble  the  effect  on  a  tube 
placed  at  various  distances  from  a  turbulence  generator. 
Austin  and  Coworkers  (183)  inve.  stigated  the  manner  in  which 
the  heat  transfer  coefficient,  of  an'equilateral  triangles 
staggered  bundler  might  be  affected  by  varying  the  pitch 
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to  diameter  rati:  o.  Their  results  with  a  pitch  ratio  of 
1.25  indicated  similar  effect  as  that  of  1.58  obtained  by 
Dwyer  et.  al  (112). 
An  extensive  investigation  was  carried  out  by  Stasjuljawitschjus 
et  al  (117)  to  study  the  heat  transfer  on  staggered  bundles 
with  different  pitch  ratio.  They  came  to  the  conclusion 
that,  the  larger  the  inter-  tube  space,  ratio  of 
Z,  the  L 
greater  the  heat  transfer  and  apparently  the  greater  the 
turbulence.  The  effect  of  this  ratio  was  to  multiply  the 
heat  transfer  functional  relationship  (equation  4.14)  by 
-5.35 
the  factor  (Z)  for  1  from  1.27  to  1.94. 
LL 
The  heat  transfer  on  a  tube  could  increase  with  a  decrease 
in  the  distance  front  the  turbulatorl  preceeding  row. 
However,  the  efficiency  of  the  bank  in  an  exchanger  depends 
not  only  on  its  heat  transfer  rates  but  also  on  its 
hydraulic  resistance  and  a  decrease  in  the  longitudinal 
pitch  involves  a  reduction  of  the  available  area  for  the 
flow  which  leads  to  a  higher  hydraulic  resistance  of  the 
bank. 
In  dealing  with  flow  normal  to  bank  of  tubes#  a  relationship 
of  the  form  given  in  equation  4.14  is  usually  used  to  express 
the  functional  relationship  between  heat  transfer  and  flow 
parameters. 
While  for  single  cylinder  constants  C  and  n  are  correlated 
against  the  main  free  stream  Reynold's  number,,  eg.  j,  Hilpert 
(168),,  for  the  case  of  tube  bank,  the  Reynolds  number  is 
based/... 13  2. 
based  on  the  maximum  velocity  calculated  through  the 
minimum  free  area  available  for  flow  in  the  bank. 
Obviously,  different  values  for  the  constants  c  and  n 
will  be  needed  to  correlate  data  obtained  under  different 
i 
flow  conditions  through  the  staggered  bank.  The  heat 
transfer  in  this  case  will  be  that  averaged  over  the  entire 
tube  bank  and  is  based  on  the  rate  of  total  heat  transfer. 
For  the  subcritical  range,  the  exponent  of  Re.  n=0.6  is 
accepted  for  most  staggered  banks  whereas  in  the  critical 
range  the  exponent  rises  to  0.79  -  0.93  for  smooth  tube 
banks  (117).  But  for  a  tube  bundle  which  has  the  natural 
unpolished  surface  of  a  rolled  tube  with 
ES 
=  50  x  10-51 
D 
Hammeke  et  al  (184)  showed  that  the  index  in'  for  the 
Reynolds  number  was  raised  form  0.67  to  0.96  when  the  flow 
changes  from  subcritical  to  critical  flow. 
These  changes  in  the  heat  transfer  functional  dependence  on 
the  Reynolds  number  was  attributed  to  the  change  in  the  flow 
conditions  and  associated  with  turbulence  in  the  boundary 
layer  (183).  However,  the  difference  in  the  index  value  In' 
between  the  two  investigations  in  references  (117)  and  (184) 
in  simila  r  flow  r9gimes  is  due  to  the  effect  of  the  difference 
in  the  surface  roughness  in  both  investigations. 
This  point  was  supported  by  the  investigations  carried  out  by 
Groehn  and  Scholz  (101)  who  found  that  by  increasing  the 
surface  roughness  parameterf  the  critical  Reynolds  number 
was  reduced  from  2,  x  10.5  ,  for  technically  smooth  tubes,  to 
KS  25000  by  reaching  y-  =  0.017. 
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As  a  result,  thd  value  of  the  index  In'  for  the  Reynolds 
number  in  the  heat  transfer  relationship  is  not  only 
influencqd  by  flow  parameters  but  also  by  surface 
roughness. 
4.2.7.  Heat  rate  distribution  in  a  staggered  bank 
In  1948,,  Winding  and  Cheney  (171)  showed  that  for  a 
tube  in  a  staggered  bank  up  to  Re  =  80000,  the  heat  rate  was 
maximum  at  FSP  dropped  to  a  minimum  at  about.  0  =  90  0,  rose 
rapidly  to  another  peak-  at  6=  1200,  dropped  again  and  then 
increased  until  the  rear  stagnation  point  wasreached.  They 
also  showed  that  all  these  values  were  greater  than  those 
obtained  for  a  single  cylinder  at  the  same  approach  velocity. 
Of  course,  that  might  be  due  to  the  turbulence  produced  in 
the  bank  around  that  c'ylinder. 
Thomson  et  il  (154)  showed  that  this  sort  of  large  variation 
around  a  tube  in  the  bank  could  be  flattened  out  if  the 
lateral  conduction  of  heat  due  to  the  circumferential 
temperature  gradient  was  taken  into  consideration.  As  far 
as  the  variation  within  the  bank  was  concerned,  they  recorded 
the  maximum  convective  heating  and  circumferential  temperature 
gradient  around  the  second  row  of  the  bank.  Moreover,  the 
minimum  temperature  in  the  first  and  second  rows  was  moved 
towards  the  front  by  increasing  the  Reynolds  number.  For 
the  third  row,  the-minirtium  temperature  moved  nearer  to  the 
rear  by  increasing  Re  while  the  succeeding  rowsp  in  the 
equal  pitch  bank,  had  a  minimum  value  at  the  rear  stagnation 
point  for  all  values  of.  Re. 
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In  dealing  with  banks  of  tubesl  staggered  type,  the  entrance 
effect  on  the  heat  transfer  rate  variations  within  the  bank 
must  be  mentioned.  This  was  shown  by  Thomson  et  al  (154) 
who  shcywed  that  the  variation  in  the  heat  transfer 
distribution  became  smaller,  the  farther  the  tube  was  from 
the  front  of  the  bank  and  the  entrance  effect  extended 
through  the  first  three  rovis  in  the  bank. 
Thomson's  heat  rate  distributions  were  integrated  by  Snyder 
(186)  and  compared  with  his  own  results.  He  found  that 
both  sets  of  data  agreed  about  the  effect  of  the  entrance 
of  the  bank  on  the  flow  pattern.  Both  sets  of  data  were 
increased  sharply  and  linearily  from  the  first  to  third  row. 
But  while  Thomson's  values  showed  a  reduction  in  the  heat 
rate  after  the  third  row,  Snyder's  data  silowed  a  constant"  heat 
rate  between  third  and  fourth  row  which  dropped  at  the  fifth 
row.  Such  differences  night  be  attributed  to  the  difference 
in  entrance  conditions  in  both  investigations. 
The  important  conclusion  from  these  two  Sets  of  data  is  that, 
the  heat  transfer  from  the  first  row  was  lower  than  the  rest 
of  the  tubes  in  the  bank.  While  Snyder's  results  (obtained 
in  air  tunnel)  showed  that  it  was  35  per  cent  below  the 
average  heat  transfer  from  10  rovis  deep  bank,  it  was  found 
by  Dwyer  et  al  (112)  to  vary  with  the  Reynolds  number. 
For  Re  10  5j  it  was  30  per  cent  below  the  whole  bank,  while 
at  Re  10  6j  it  was  about  40  per  cent  below.  Moreover,  the 
average  heat  transfer  from  the  first  row  was  related  to  Re 
raised  to  power  0.65  compared  by  0,8  for  the  rest  of  the 
rows. 135. 
The  entrance  effect  was  also  reported  by  Welch  and 
Fairchild  (187)  who  used  a  long  calming  section  with 
straightening  vanes  upstream  of  the  bank.  Under  these 
conditions  for  Re  =  20000,  the  entrance  effect  continued 
through  the  first  four  rows  in  the  bank.  For  the 
succeeding  rows,  the  bank  induced  turbulence  created  some 
common  average  coefficient  of  heat  transfer  except  for  the 
last  row  which  was  influenced  by  the  free  wake  following 
and  it  attained  a  higher  coefficient  of  heat  transfer. 
It  seems  that  the  variations  in  heat  transfer  in  the  front 
portion  of  the  bank  and  the  extent  to  which  the  entrance 
effect  can  go  deep  into  the  bank  depends  on  the  flow  nature 
upstream  of'the  bank.  In  other  words,  when  the  bank  is 
exposed  to  an  essentially  uniform  flow  with  low  turbulence 
intensity,  the  entrance  effect  will  extend  deeper  into  the 
bank.  And  whenever  the  upstream  flow  conditions  were 
turbulent,  the  flow  approaching  the  first  part  of  the  bank 
could  resemble  the  turbulent  flow  within  the  bank  and 
consequently  there  will  be  no  or  negligible  variations  of 
heat  transfer  through  the  bank, 
This  situation  was  shown  by  Austin  and  Coworkers  (183)  when 
they  recorded,  in  turbulent.  flow.,  coefficients  at  the  front 
row  tubes  which  were  only  a  little  lower  than  those  deeper 
in  the  bank.  By  increasing  the  Reynolds  number  the 
coefficients  were  approximately  equal  for  all  the  rows  in 
the  bank.  This  might  explain  the  results  obtained  by 
Osment  et  al  (188,189)  who  measured  the  overall  heat 
transfer  coefficient  with  the  film  condensation  of  steam  in 
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a  water  cooled  surface  condenser  model.  For  an  equilateral 
triangular  pitch  bank,  they  indicated  that  the  measured 
overall  coefficients  for  the  three  top  row  tubes,  middle  and 
far  ends  of  the  row,  were  practically  identical  under  the 
same  flow  conditions.  And  only  slight  variations  were  recorded 
across  the  bundle  on  tubes  in  the  fourth  and  ninth  rows  of 
the  bank. 
A  similar  observation  was  noticed  by  Katz  (196)  with  a  tube 
bank  in  a  turbulent  flowing  stream,  when  there  was  a  fan 
upstream  of  the  tubes.  Under  these  conditions,  he 
indicated  that  no  effect  of  the  position  of  a  tube  in  the 
bank  was  found.  Moreover,  there  was  a  very  little 
difference  in  heat  transfer  with  tubes  as  to  whether  it  was 
the  first,  second  or  third  row. 
It  was  shown  by  Zdravkovich  (192)  that  the  variations  on 
the  front  part  of  the  staggered  bank  is  purely  due  to  the 
entrance  effect.  From  experiments  carried  out  on  two  and 
six  rows  deep  triangular  banks,,  he  indicated  that  neither 
the.  first  nor  the  second  rows  are  typical  representatives 
of  the  tube  bank.  Furthermore,  the  flow  pattern  around 
the  first  two  rows  in  the  bank  was  essentially  unchanged 
by  the  addition  or  removal  of  succeeding  rows. 
4.2.8,  Heat  transfer  in  cylindrical  bank  in  cross  flow. 
Most  of  the  laboratory  investigations  are  usually 
carried  out  using  tube  banks  mounted  vertically  or 
horizontally  In  a  crosse  flow  through  rectangular  working 
sections. 
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Results;  obtained  from  such  arrangements  cannot  be  applied 
directly  to  the  case  of  bundles  in  cylindrical  shells  without 
some  configuration  modifications.  M  effective  value  for 
the  flow  area  is  required  in  order  to  calculate  the  effective 
Reynolds  nimiber  through  the  shell.  While  the  arithmetic 
mean  area  for  the  bundle  could  be  used  as  first  approximation, 
Emerson  (144)  developed  an  expression  to  calculate  the 
effective  area  for  a  cylindrical  bank. 
As  the  effective  Reynolds  number  is  proportional  to  the 
inverse  of  the  effective  area,  the  effective  heat  transfer 
coefficient  should  be  proportional  to  the  inverse  of  the 
effective  area  raised  to  power  n  (equation  4.14).  Choosing 
the  value  of  n=0.6,  for  subcritical  flow,  Emerson  obtained 
the  following  equation  for  calculating  the  effective  area 
in  a  cylindrical  bank: 
1.67 
, Ah  m  {ff  1  4.21. 
E  (AZ)  -0.6 
1 
where  N  is  the  number  of  rows  in  cross  flow 
AZ  is  the  effective  area  at  the  Zth  row  of  tubes. 
4.3.  Concludin2  remarks 
In  this  chapter  A  literature  survey  was  given  and 
which  is  considered  by  no  means  to  be  complete.  This 
review,  collected  from  investigations  carried  out  by  other 
research  workers,  is  used  to  build  up  a  reasonable  picture 
for  the  flow  mechanism  around  test  modelsp  whether  it  is  a 
single  cylinder  ora  ttLbe  bank  arrangement,  in  a  cross  flow. 
It  is  also  useful  in  providing  the  basic  nature  of  the 
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problems  encourýtered  by  fluids  flowing  across  circular 
cylinders  in  particular. 
The  survey  is  divided  into  two  main  partsl  one  dealt  with  the 
problems  of  the  hydraulic  resistance  of  the  test  models 
in  cross  flow  while  the  other  part  is  dealing  with  problems 
connected  with  the  heat  transfer  or  the  thermal  side  of  it. 
Each  part  was  subdivided  into  different  sections  to  handle 
separately,  as  far  as  possible,  the  influence  of  different 
parametersf  relating  to  the  present  study,  such  as  surface 
roughness,  turbulent  intensity,  Reynolds  number  and  heat 
transfer  on  the  flow  pattern  around  circular  test  models. 
Apart  from  the  discrepancies  between  different  investigations, 
the  review  showed  that  the  picture  of  the  detailed  flow 
structure  within  tube  bank  arrangements  is  not  fully 
understood.  Moreover,  deviations  and  inconsistencies, 
probably  due  to  differences  in  test  conditions  or 
instrumentations,  made  it  difficult  sometimes  to  separate 
the  effect  of  individual  parameters  on  the  flow  across  the 
tube  bank.  As  a  result,  qualitative  rather  than  quantitative 
comparisons  are  usually  carried  out. 
One  important  outcome  from  the  survey  is  that,  there  is  a 
big  need  for  improving  the  understanding  of  the  changes  in 
the  flow  characteristics  across  the  bank  arrangements. 
Furthermore,  information  about  the  influence  of  different 
parameters  on  these  characteristics  represent  some 
fundamental  knowledge  for  a  heat  exchanger  designer  as  well 
as  for  a  research  worker. 139. 
.  CHAPTER 
APPARATUS  AND  EXPERIMENTAL  PROCEDURE 
5.1.  Introduction 
The  experimental  work  described  below  was 
designed  to  improve  the  understanding  of  the  flow 
structure  with  tube  banks  in  heat  exchangers  in  general  and 
in  condensers  in  particular.  The  investigation  programme 
was  also  planned  to  provide  data,  which  would  supplement 
that  available  from  the  literature,  on  the  effect  of 
different  parartieterse  such  as,  surface  roughness,  turbulence 
level,  Reynolds  number,  suction  parameter,  location  within 
the  tube  bank  and  heat  transfer  rate  on  a  model  of  a  tube 
bank  condenser.  It  was  the  intention  to  collect  data  on 
the  effect  qf'those  parameters  on  the  tube  bank 
characteristics  such  as  skin  frictiont  form  dragp  pressure 
drop  and  contribution  percentage  of  the  skin  friction  to 
the  total  drag  in  a  tube  bank  exchanger  under  different 
flow  conditions. 
This  information  together  with  a  greater  understanding  of 
the  flow  behaviour  may  then  be  useful  to  improve  the 
design  and  performance  of  heat  exchangers  in  general  and  steam 
condensers  in  particular. 
In  the  present  chapter  a  description  will  be  given  for  the 
basic  equipment  employed  in  studies  of  the  fluid  flow  (air) 
over  a  single  cylinder  and  tube  matrix  simulating  the  flow 
over  banks  of  tubes  normally  existing  in  heat  exchangers. 
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In  the  first  feW  sections,  the  wind  tunnel  and  flow 
measurement  equipment  is  described  with  details  of 
calibration  and  use  of  those  equipments.  In  later 
sections,  the  simulation  for  part  of  a  tube  bank  is 
described.  The  measurements  made  in  the  flow  on  the 
simulated  model  are  indicated. 
5.2.  Experimental  apparatus 
Wind  Tunnel 
Most  of  the  experimental  work,  except  the  flow 
visualisationp  was  carried  out  using  an  open  type  low  speed 
tunnel  working  in  the  suction  mode,  designed  and  built  to 
satisfy  the  planned  experimental  programme  in  the 
Thermodynamic  Laboratory  of  the  James  Watt  Building, 
University  of  Glasgow*  The  tunnel  is  shown  schematical  ly 
in  figure  (5.1.  ). 
Air  was  drawn  from  the  laboratory  atmosphere  into  the 
intake  section  and  passed  through  af  ine  6.3  meshes  per  cm. 
0,3  mm  wire  diameter  damping  screen.  This  screen  was 
erected  on  the  upstream  side  of  the  working  section  to 
reduce  the  turbulence  level  at  the  intake  section.  The 
air  was  accelerated  through  a  bell  shaped  intake  section, 
1.8  m  long,  designed  to  produce  a,  flat  velocity  profile  and 
to  reduce  the  turbulence  level  in  the  flow  passes  through 
the  rectangular  wozking  section.  The  downstream  side  of 
the  working  section  was  connected  to  a  contraction 
leading  to  a  circular  section.  Finallyt  the  air  passed  to  the 
suction  side  of  a  wariable  speed  centrifugal  fan  and  was 
discharged  into  the  laboratory. 
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The  inlet  section  was  1.30  m  wide  and  1.22  m  high,  giving 
an  inlet  area  of  1.586  square  ineters.  The  working  section 
was  1.22-m  in  length,  0.34  m  wide  by  0.381  m  high,,  so  that 
the  cross  sectional  area  of  the  working  section  was 
0.13  square  meters  and  the  contraction  area  ratio  is  1.586 
0.13  or  12.2:  1. 
The  walls  of  the  wind  tunnel  were  made  from  sheet  metal  with 
a  welded  construction.  The  working  section  consists  of  a 
steel  angled  frame  to  which  sheet  metal  at  the  top  and 
bottom  were  bolted  in.  The  sides  of  the  working  section 
were  made  of  perspex  sheet  so  that  the  interior  of  the 
working  section  could  be  viewed  from  outside  the  tunnel. 
The  working  section  f  rarae,  the  downstream  contraction  and 
the  circular  section  leading  to  the  fan  were  bolted 
securely  to  the  floor  of  the  laboratory.  The  downstream 
circular  section  was  attached  to  the  suction  side  of  the  fan 
by  a  short  section  of  flexible  ducting  so  that  any  vibrations 
induced  by  the  fan  were  confined  to  the  fan  away  from  the 
working  section.  In  this  way  vibrations  of  the  walls  of  the 
test  section  were  kept  to  a  minimum.  Moreover,  rubber  sheet 
was  used  between  the  base  of  the  working  section  frame 
support  and  the  laboratory's  floor. 
The  fan  had  a  suction  capacity  of  1.9  cubic  meters  per  second, 
100  mm  water  head  at  ambient  conditions  and  it  was  driven 
by  a  15  horse  power  direct  current  motor.  The  fan  rotor 
speed  was  controlled  efectrically  using  a  D.  Budworth  set 
and  this  allowed  the  rate  of  air  flow  through  the  tunnel  to 
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varied.  When  the  motor  was  running,  the  fan  speed  could 
not  be  reduced  to  zero  so  that  there  was  a  minimum  velocity 
available  at  about  500  R.  P.  H.  giving  the  maximum  allowed 
velocity  at  3000  R.  P.  M..  that  gives  maximum  velocity  to 
minimum  velocity  ratio  of  about  6.  Thus  the  air  velocity 
can  be  varied  in  the  tunnel  by  a  factor  of  about  six  times..  -, 
The  inlet  nozzle  and  the  bell  shaped  intake  were  constructed 
on  a  supporting  frame  carried  on  wheels.  The  outlet  of 
the  intake  section  was  connected  to  the  inlet  of  the  working 
section  by  means  of  bolted  rectangular  frame,  In  this  way 
access  to  the  upstream  of  the  test  section  was  facilitated. 
As  will  be  seen  laterr-this  was  quite  useful.  For 
example,  to  insert  or  withdraw  the  turbulence  generator  and 
the  heater  banks  upstream  of  the  working  section. 
Wall  pressure  tapping  tdbes  were  inserted  into  the  walls  of 
the  working  section  at  two  stations  (figure  5.1),,  one  near 
the  inlet  downstream  of  the  end  of  the  contraction  (station 
1)  and  one  at  the  downstream  end  of  the  working  section  at 
the  upstream  of  the  contraction  leading  to  the  fan  suction 
side  (station  2).  At  each  station  a  set  of  four  wall 
pressure  tappings  were  madej,  one  on  each  wall  of  the 
rectangular  test  section  in  an  axial  plans  to  the  mainflow 
direction.  These  pressure  tappings#  at  each  section,  were 
connected  to  each  other  and  the  average  output  gave  the 
pressure  at  the  correspondingstation. 
These  pressuie  tappings  were  connectedJusing  flexible  clear 
plastic  tubing)-to  a  variable  angle  twenty-four  limb 
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manometer  which  has  a  reservoir  of  manometer  fluid. 
Ilexan  fraction,  specific  gravity  0.66.  The  manometer  was 
supported  on  four  legs  with  adjusting  screws  whose  length 
may  be  adjusted  to  make  the  base  of  the  instrument  horizontal 
I 
as  indicated  by  small  spirit  level.  A  protractor  fitted 
with  a  vernier  was  used  to  measure  the  angle  of  inclination 
of  the  limbs. 
Flow  rates  were  controlled  by  adjusting  the  motor  speed. 
The  magnitudes  were  determined  by  measuring  the  velocity 
profile  in  the  254  mm  diameter  circular  section  erected 
between  the  contraction  downstream  of  the  working  section 
ýmd  the  suction  side  of  the  centrifugal  fan.  This  was 
carried  out  using  a  pitot  tube  probe  with  an  outside 
diameter  of  2  mm.  The  probe  was  carried  on  an  automatic 
traversing  nechanism  and  traverses  were  made  across  the 
circular  sbction  at  a  distance  of  about  1.5  meters 
downstream  of  the  test  section.  For  a  certain  motor 
speed  the  undisturbed  free  stream  velocity  Um  at  the 
entry  to  the  test  section#  was  calculated  by  dividing  the 
corresponding  rate  of  flow  by  the  cross-sectional  area  of 
the  working  section.  Whenever  the  tunnel  was  working  with  a 
substantial  blockage,  with  cylinders  across  the  entire 
width  of  the  working  section,,  this  velocity  was  used  as  the 
nominal  approach  velocity  to  cylinders  in  the  working 
section. 
The-velocity  distribution  across  the  upstream  of  the  working 
section  was  investigated  using  a  D.  I.  S.  A.  hot  wire  anemometer. 
The  probe  was  mounted  on  a  traversing  mechanism  and  traverses 
were  made  across  the  central  horizontal  plane  0.6  meters 
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upstream  of  tht  first  row  in  the  bank.  The  velocity 
profiles  obtained  are  shown  in  figure(5..  2.  )  It  is 
clear  t.  hat  the  profiles  are  flat  over  the  central  area  of 
the  working  section  outside  the  boundary  layer.  Towards 
the  wall  the  local  velocity  dropped  rapidly  as  the 
boundary  layer  was  reached.  In  each  case  the  velocity 
outside  the  boundary  layer  did  not  vary  by  more  than  about 
three  per  cent  of  the  average  values  integrated  over 
working  cross  section. 
Under  normal  conditions  the  density  of  the  air  p  is 
approximately  1.18  Kg/ms  and  its  viscosity  is  about  1.8  x 
10-  5 
Kg/m.  sec.  and  so  the  Reynolds  number,  based  on  the 
cylinder  diameter  is  as  follows:  Re  =  5080  Ua 
where  Ua  is  the  velocity  approaching  the  test  model  corrected 
for  the  blockage  effect. 
I-lost  of  the  tests  were  carried  out  with  undisturbed  free 
stream  velocities  between  3  and  13.7  meters  per  second,  so 
that  the  Reynolds  number  varied  from  about  0.15  x  10  5 
to 
0.7  X  10  5,  based  on  the  undisturbed  free  stream  velocity. 
At  such  high  Reynolda  number  turbulent  flow  would  be 
expected  in  the  working  section  and  the  level  of 
turbulence  depends.  on  the  quality  of  the  wind  tunnel. 
Turbulence  level  was  investigated  using  a  hot  wire.  probe 
(section  5.2.2)  in  the  centre,  of  the  working  section 
assuming  isotropic  turbulence.  At  different  flow 
velocitiesthe  anemometer  was  operated  in  its  normal  mode. 
All  meýLsuxements  were  taken  with  the  probe  located  in  the 
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central  horizontal  plane  of  the  working  section. 
The  percentage  or  level  of  turbulence,  the  ratio  of  the 
root  mean  square  velocity  to  the  mean  velocity  varied 
little  with  the  mean  velocity  Ua.  Compared  with  the 
high  quality  wind  tunnels,  the  intensity  of  turbulence  measured 
in  the  present  wind  tunnel  was  high.  The  average  level 
of  turbulence  considered  for  the  present  set  up  was  about 
1.2  per  cent.  These  turbulence  levels  were  measured  in  the 
centre  of  the  working  section,  where  turbulence  would  be 
expected  to  be  lowest.  It  was  found  that  the  level  of 
turbulence  was  higher  in  positions  remote  from  the  centre, 
especially  in  the  boundary  layers  close  to  the  tunnel  walls, 
e.  g.,  figure  5.3. 
During  the  course  of  the  experiments  a  number  of  holes  were 
drilled  in  the  tunnel  walls  of  the  working  section, 
especially  in  the  floor  and  roof.  Three  holes  were  used 
for  locating  the  test  cylinder  and  dumnLy  ones  inside  the 
tunnel.  These  holes  were  clearance  ones  through  which 
screws  passed.  Moreover,  bigger  holes  were  needed,  to  have 
an  access  to  the  inside  of  the  working  section,  and  were 
big  enough  to  pass  the  cylinders  used  in  the  test.  Holes 
were  also  necessary  for  the  hot  wire  probe  and  its  mount 
(section  5.2.5).  In  addition,,  a  hole  was  required  for 
passing  pressure  tubing  which  used  in  the  working  tection 
two  dimensional  checks  (section  5.2.6).  Where  any  hole 
was  not  in  use,  it  was  blocked,  either  using  plasticine 
or  by  sticking  a  'small  piece  of  adhesive  tape  over  it. 
If  a  hole  had  been  left  unblocked,  the  pressure  difference 
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between  inside  and  cutside  of  the 
the  tunnel  is  running,  would  have 
through  the  hole,  which  would  hav, 
conditions  in  the  working  section 
turbulence  as  well  as  an  increase 
downstream  of  the  hole. 
5.2.2.  Test  cylinder 
workinU  section,,  when 
caused  air  to  be  sucked  in 
e  altered  local 
leading  to  increased  flow 
in  the  flow  rate 
The  instrumented  test  cylinder  was  made  of  a  porous 
material  and  it  had  an  outer  diameter  of  76.2  mm  while  the 
inside  one  was  63.5  mm.  It  was  necessary  to-use  this  size 
of  tube  diameter  in  order  to  accommodate  the  developed  shear 
stress  sensor  (Chapter  3).  The  cylinder  was  mounted 
vertically  and  centered  between  the  two  perspex  side  walls 
of  the  working  section  in  the  wind  tunnel.  The  cylinder 
was  centered  in  position  using  63.5  Mm  diameter  guiding 
extension,  bottom  extensiont  which  passes  through  a 
similar  hole  cut  into  the  bottom  steel  plate  of  the  working 
section.  The  length  of  the  cylinder  was  extended,  top 
extensiont  with  its  full  outer  diameter  until  it  passed 
through  a  hole  cut  into  the  upper  top  steel  plate  of  the 
tunnel.  This  hole  was  a  clearance  one  and  the  cylinder 
was  located  vertically  in  the  working  section  using  a 
girding  circular  frame.  "  The  top  of  the  test  cylinder  was 
connected  to  a  rotating  mechanism  and  could  be  rotated 
around  its  vertical  longitudinal  axis  to  any  desired 
angular  position  around  its  circumference. 
The  porous  cylinder  was  supplied  by  Messrs.  Sintered 
Products  Ltd.  (Iporosent',  grade  A).  The  cylinder  was 
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made  by  the  powder  metallurgy  technique. 
manufactured  by  the  moulding  and  sintering 
particles  made  from  bronze  (89%  Ca.  11%  Su 
particles  of  this  grade  of  porosity  have  a 
from  37  to  43  micron  with  an  average  parti 
about  40  microns. 
It  was 
of  spherical 
The 
range  of  size 
cle  diameter  of 
It  was  intended  that  the  suction  velocity  along  the  cylinder 
circumference  be  reasonably  uniform.  A  cylinder  was 
selected  that  would  have  a  pressure  drop  across  its  porous 
wall  much  greater  than  the  changes  in  pressure  around 
its  circumference.  Therefore  the  thickest  available 
cylinder  was  chosen.  The  porous  cylinder  has  a  wall 
thickness  of  about  6.4  mm  with  a  nominal  filtration 
rating  of  2.5  microns  and  having  an  overall  porosity  of 
22  per  cent.. 
As  the  porous  cylinder  was  not  available  in  the  full  length 
of  the  test  cylinder,  381  nun,  which  is  the  height  of  the 
working  section  in  the  tunnel,  the  test  cylinder  was 
constructed  from  three  parts.  The  length  of  the  porous 
cylinder  was  227  mm  which  was  equally  extended  from  both 
ends  to  give  the  test  cylinder  total  length  of  381  ima. 
These  end  extensions  were  nade  from  altminium  tubing  whose 
dimensions  from  the  outer  and  inner  diameters  were  the  same 
as  the  porous  cylinder.  Each  extension  was  connected  to 
either  end  of  the  porous  tube  by  equally  overlapping  both 
ends  longitudinally  by  6.5  mm  length.  Then  the  overlapped 
parts  were  securdd  together  using  eight  6BA  screws  equally 
distributed  along  the  circumference  of  the  cylinder.  The 
screws/.  ** 146. 
screws  passing  through  holes  drilled  through  the  thickness 
of  the  two  overlapped  ends.  That  part  of  the  holes  passing 
througfi  the  porous  thickness  was  made  wider  to  pass  the  6BA 
screw  while  that  part  passingthrough  the  aluminium,  thickness 
was  threaded  to  fit  that  screw.  Although  the  overlapped 
ends  were  cut  together  accurately  to  have  a  smooth  fit, 
force  fit  was  avoided  due  to  the  fragile  nature  of  the 
sintered  bronze  tube.  Any  possibility  of  leakage  through 
the  overlapped  section  was  avoided  using  Illermetitel  on 
both  ends  before  assembly  securing  with  the  6BA  screws. 
The  top  extension  for  the  test  cylinder  was  closed  and 
sealed  using  a  circular  metalic  disc.  This  disc  was 
secured  to  the  top  of  the  cylinder  using  eight  6BA  screws 
fitted  axially  into  the  wall  thickness.  'Hermetitel 
was  used  tpprevent  leakage  between  the  two  surfaces. 
The  extension  was  ended  by  a  rod  12  mm  diameter  welded  to 
the  top  disc.  This  rod  was  used  as  a  top  guide  for  the 
test  cylinder  to  the  rotating  mechanism.  Air  leakage  was 
prevented  using  rubber  gaskets. 
The  upper  end  of  the  bottom  extension  was  connected  to  the 
bottom  end  of  the  porous  cylinder  in  a  similar  way  for  the  top 
extension.  The  lower  end  of  the  extension  was  closed  using 
a  18  m  thick  and  76.2  mm  diameter  metallic  plate. 
At  one.  side  of  this  plate  and  for  6  mm  of  its  thickness 
the  diam  ter  was  reduced  to  65.5  rom  and  it  rests  on  a 
supporting  ring  which  was  pusheds,  forcefit,,  into  the 
bottora  of  the  aluminium  extension  tubing.  The  supporting 
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ring  was  resting  on  1  mm  wide  circular  ring  cut  into 
the  inner  side  of  the  aluminium  bottom  extension.  Using 
O-ring  and  Hermetiter  the  18  nua  thick  plate  was  fitted  on 
the  supporting  ring  and  then  it  was  secured  with  eight  6BA 
screws.  These  passed  through  clearance  holes,  drilled 
through  to  the  middle  6=  of  the  plate  thickness  and 
screwed  in  threaded  holes  drilled  axially  into  the  thickness 
of  the  aluminiunt  tubing.  The  diameter  of  the  last  6  irn, 
in  the  thickness  of  the  plate  was  reduced  to  63.5  mm  and 
passed  through  an  identical  hole  cut  into  the  bottom  steel 
plate  of  the  working  section  in  the  tunnel.  This  part  of 
the  plate  was  working  as  a  bottom  guide  for  the  test 
cylinder  while  it  rotated.  Leakage  through  the  bottom 
hole  was  prevented  by  using  O-ring  between  the  lower  end 
of  the  test  cylinder  and  the  bottom  plate.  Grease  was 
used  to  ease  the  friction  between  the  O-ring  and  steel 
plate. 
It  was  necessary  to  choose  that  thick  plate  (18  mm  thick) 
in  order  to  accommodate  the  small  stuffing  boxes  necessary 
for  passing  the  suction  tubing  to  the  inside  of  the 
cylinderr  pressure  taps  leads  and  electrical  connections 
to  the  shear  stress  sensor. 
The  test  cylinder  was  instrumented  with  the  servo-force 
balance  shear  stress  sensor  (section  5.2.4).  It  was 
mounted  vertically  along  its  length  and  at  its  mid-height. 
Two  pressure  tappings  were  located  at  equal  distances 
above  and  below  mid-section  of  the'cylinder  at  the  same 
generator  as  the  shear  stress  sensor,  The  45  0  inclined 
sides/ ISO. 
sides  of  the  densor  were  pressed  against  the  sides  of  a 
groove  cut  from  the  interior  side  of  the  test  cylinder, 
the  sides  of  the  groove  were  cut  at  the  same  angle,  i.  e., 
0  45  Four  screws  pass  through  clearance  holes,  one  at 
each  corner  of  the  sensor's  frame,  were  secured  into  a 
mounting  set  up  built  into  the  interior  of  the  cylinder. 
The  access  to  the  inner  side  of  the  porous  cylinder  was 
made  through  the  back  side,  relative  to  the  sensor, 
which  was  sealed  after  assembly.  Air  leakage  was 
prevented  using  Hermetite  and  plastic  filler  on  contact 
surfaces.  The  assembled  test  cylinder  is  shown  in 
figure  5.4. 
5.2.3.  ftatic  pressure  measurements  on  the  test  cylinder 
On  aninpemeable  surfaces,  static  pressure  is 
normally  measured  by  means  of  pressure  taps  inserted  into 
the  surfa6e  so  that  their  axis  is  perpendicular  to  the 
flow  direction.  Under  such  circumstances  the  flow 
direction  in  the  vicinity  of  the  pressure  tappings  is 
parallel  to  the  surface  over  which  measurements  are  to  be 
made.  Usually  pressure  tappings  are  made  by  inserting  a 
short  length  of  hypodermic  tubing  into  an  undersized  hole 
drilled  nornal  to  the  surface  of  the  model. 
Whenever  a  normal  velocity  is  applied  to  a  surface  in 
main  flow,  the  flow  direction  is  no  longer  parallel  to 
the  surface  and  so  becomes  indeterminate.  Therefore,  if 
pressure  tappings  on  a  permeable  surface  are  made  in  the 
same  fashion  as  Eor  an  impermeable'surface  (67,68t  69, 
70)  the  pressure  readings  obtained  will  probably  over 
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estimate  the  dctual  static  pressure  due  to  stagnation 
effects. 
Aggarwal  (71)  forced  the  flow  to  remain  parallel  to  the 
wall,  in  the  vicinity  of  a  pressure  tap,  inserted  into  a 
porous  surface,  by  applying  a  small  quantity  of  paraffin 
wax  to  the  porous  surface  around  the  pressure  orifice. 
But  when  suction  into  the  surface  is  applied,  the  area 
covered  with  wax  could  be  affected  and  the  flow  direction 
could  becone  indeterminate  in  the  vicinity  of  the 
pressure  tappingw  Drummond  (72)  tried  to  avoid  the 
difficulty  of  measuring  the  static  pressure  in  a  canvas 
hose,  where  nornal  velocity  exists  at  the  wall.  He 
conducted  his  measurements  about  13  mm  downstream  of  the 
hose  and  in  a  brass  tube  fitted  at  the  and  of  it. 
From  abový  it  is  clear  that  the  flow  should  be  made  to 
go  parallel  to  the  surface  in  the  vicinity  of  the  location 
where  static  pressure  is  to  be  measured  using  pressure 
tappings.  In  the  present  work,  static  pressure  taps,  to 
measure  static  pressure  distribution  around  the  porous 
cylinders  were  forned  from  two  brass  rectangular  stubs 
each  with  a  central  hole  of  diameter  0.5  mm  drilled 
normally  to  it  along  its  length. 
The  width  chosen  for  the  brass  stubs  was  6  mm  running 
along  the  cylinder  circumference,  cut  from  a  circular 
ring  sector  so  that  the  streamlines  would  run  locally 
parallel  to  the  wall  in  the  vicinity  of  the  pressure 
orifice.  This  means  that  the  pressure  tapping  was 
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preceeded  and  succeeded  by  3  mm  impermeable  surface. 
These  pressure  tappýngs  stubs  were  made  to  form  the 
upper  and  lower  ends  of  the  shearing  stress  sensor's 
j 
supporting  frame  (section  3.4.1).  The  pressure  orifices 
were  located  30  mm  above  and  below  the  midnheight  of  the 
test  cylinder  on  the  same  generator  as  the  shearing  stress 
-sensor.  They  were  fitted  in  such  a  way  that  they  were 
nearly  flush  with  the  surrounding  porous  surface  but  did  not 
protrude  it.  The  stub  is  shown  in  appendix  5.  The  length 
of  the  stub  was  made  more  than  the  thickness  of  the  test 
cylinder  so  that  on  the  outer  end  of  it  the  pressure 
orifice  facing  the  flow  was  0.5  mm  diameter  while  the 
outlet  on  the  other  end  was  a  threaded  tap  to  fit  10BA 
screwed  end  of  a  pressure  lead  from  the  interior  of  the 
test  cylinde;  and  parallel  to  its  vertical  axis.  -These 
pressure  leads  passed  through  stuffing  box  fitted  to  the 
botton,  end  of  the  test  cylinder.  By  means  of  plastic 
tubing  these  pressure  leads  were  connected  to  an  inclined 
manometer,, 
Static  pressure  distribution  around  the  cylinder 
circumference  was  obtained  by  averaging  the  reading  from 
the  two  pressure  tappings,,  above  and  below  the  mid-height 
of  the  test  cylinder.  As  the  cylinder  could  be  rotated 
to  any  angular  position  around  its  vertical  axiss,  the 
iverage  of  these  pressure  tappings  gave  thelocal  static 
pressure  at  that  peripheral  position  IP  e 
to  The.  local 
pressure  'P.  1  together  with  the  static  pressure  Po  in  the 
undisturbed  free  streaml  averaged  over  the  four  sides  of 
the  tunnel,  were  monitored  and  the  pressure  difference  P6  -P  0 
was/ 15  3, 
was  divided  bý  the  dynamic  head  of  the  incident  flow  to 
give  the  pressure  coefficient  distribution  along  the 
cylindgr  circumference  as  a  function  of  its  angular 
position  measured  from  the  front  stagnation  point  (FSP). 
5.2.4.  Skin  friction  neasurements 
Local  measurements  of  shear  stress  around  the 
circumference  were  taken  in  five  degrees  intervals.  As 
the  distribution  around  the  cylinder  was  believed  to 
be  symmetrical  about  the  meridian,  measurements  were 
taken  from  00  (FSP)  to  1800  from  the  front  stagnation 
point  by  rotating  the  test  cylinder  around  its  vertical 
longitudinal  axis. 
The  values  of  skin  friction  around  the  cylinder  were 
picked  up  by  means  of  a  servo-force  balance  type  of 
instrument  (section  3.4).  The  output  signal  from  the 
balance  was  displayed  on  an  oscilloscope  screeen  during 
the  whole  experimental  work  to  watch  the  positioning  of 
the  drag  piece  within  the  gap  clearance.  During  the 
investigation  any  displacement  fron,  the  null  position 
was  insignificant  and  the  sensing  element  was  at  the 
neutral  position  practically  all  the  time. 
Before  any  experimental  run  was  started,  the  instrumented 
test  cylinder  was  turned  around  its  vertical  axis  so  that 
the  sensing  element  of  the  servo  balance  was  facing  the 
incident  air  flow.  From  normal  pressure  readings  round 
the  00  position,,  the-point  of  maximum  pressure 
accurately  dete=inedýthe  location  of  the  front  stagnation 
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point  and  error.  9  in  positioning  the  protractor,  on  the  top 
of  the  cylinder,  relative  to  the  angle  scale  were  highly 
reduced..  Then  the  protractor  vernier  was'adjusted  to  read 
0  0 
The  air  flow  rate  passing  through  the  tunnel  was  adjusted 
by  changing  the  speed  of  the  fan  driving  motor.  Using  a 
Bryans  X-Y  recorder  type  29000  series  the  output  signal 
from  the  servo  force  balance  was  recorded.  The  signal  was 
fed  to  the  Y  coordinate  while  the  X  coordinate  was  moved  in 
equal  steps  to  represent  the  circumference  of  the  test 
cylinder.  With  the  drag  piece  facing  the  incident  main 
sirewit  (at  the  front  stagnation  point)  the  signal  was 
recorded  to  give  the  "zero"  shear  signal.  Then  the 
cylinder  was  rotated  starting  from  the  FSP  until  the 
highest  signal  was  recorded,  the  peak  of  the  shear  stressl, 
consequentli  the  Y  scale  on  the  recorder  was  set  to  suit 
the  range  between  the  two  signals. 
Starting  from  the  FSP  the  servo  balance  signal  was  recorded 
along  the  circumference  of  the  cylinder  in  equal  50  steps 
0 
until  the  protractor  read  180  Due  to  the  nature  of  the 
flow  around  the  cylinder  and  due  to  the  fact  that  the  flow 
field  around  it  in  a  cross  flow  is  affected  by  the  shedding 
vortices  in  the  wake,  the  output  signal  oscillated  around 
its  mean  valuer  fundamentally,  with  the  shedding  frqquency. 
In  such  a  case  the  shear  stress  taken  was  that  of  a  time 
mean  average  value. 
According-to  the  precalibration  data$,  the  skin  friction  was 
calculated  as  T  in  N/m  2.  This  shear  stress  was  divided  by 
the/ I-tio  5. 
the  dynamic  hezid  of  the  incident  air  flow  to  give  the 
friction  factor,  Kff  distribution  around  the  cylinder 
circumference  as  a  function  of  its  angular  position 
measured  from  the  front  stagnation  point, 
5.2.5.  Hot  wire  anemometer 
Measurements  of  velocity  and  turbulence  intensity 
in  the  wind  tunnel  were  made  using  a  D.  I.  S.  A.  hot  wire, 
mainly  boundary  layer  or  probe  type  55P15.  The  wire  of 
the  probe  was  tungsten,  plated  with  platinum  for  protection 
against  corrosion,  with  a  length  of  3  mm  and  0.005  mm, 
diameter  and  the  wire  resistance  at  20  0C  was  3.5  14011. 
When  in  use  the  probe  was  mounted  on  standard  D.  I.  S.  A.  probe 
support  and  had  a  long  reach  necessary  for  the  survey  across 
the  working  soction  in  the  tunnel.  The  probe  support  was 
mounted  on  a  steel  angle  frame  mounted  outside  the  wind 
tunnel.  The  probe  support  was  held  in  position  by  two 
screws  on  one  end  cE  the  mount.  The  other  end  of  the 
mount  was  screwed  to  the  supporting  rectangular  frame  that 
connected  the  upstream  of  the  working  section  to  the  intake 
contraction  of  the  tunnel.  The  length  of  the  mount,  from 
the  centre  of  the  probe  support  location  hole  to  the  other 
end  was  about  170  mm.  The  support  passes  through  a  hole 
in  the  perspex  side  wall  of  the  working  section.  The  probe 
and  the  probe  support  were  positioned  in  the  horizontal 
plane  passing  through  the  mid  height  of  the  tunnel.  A 
fine  meter  coaxial  cable,  specially  designed  for  use  with 
hot  wires,  connected  the  hot  wirep  via  its  probe  support, 
to  a  D.  IoSeA.  constant  temperature  anemometer  type. 
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Hot  wire  is  most  sensitive  to  those  components  of  velocity 
which  are  in  the  plane  at  right  angles  to  the  wire  axis. 
In  the  present  investigation  the  bulk  of  air  flow  was 
passing  horizontally  in  the  tunnel  and  it  was  assumed  that 
the  vertical  component  of  induced  velocity  fluctuations  was 
small  in  comparison  with  the  horizontal  component. 
Therefore,  the  axis  of  the  hot  wire  was  kept  vertical. 
The  anemometer  is  fitted  with  two  volt  meters  which  read  the 
voltage  across  the  hot  wire.  One  reads  the  steady  DC 
component  which  was  a  measure  of  the  mean  flow  velocity 
across  the  hot  wire,  while  the  other  read  the  fluctuating 
rJu.  s.  component  which  was  a  measure  of  the  velocity 
fluctuations  in  the  vicinity  of  the  hot  wire. 
For  operation  the  probe  cold  resistance  was  increased  by 
80  per  cent,  giving  an  over  heat  ratio  of  1.8,,  the  value 
recommended  for  use  in  air.  The  DC  voltage  was  then  read 
off  giving  the  value  for  zero  air  flow  velocity,  Vol* 
The  tunnel  was  started  up  and  the  air  velocity  increased 
to  the  required  value;  then  the  DC  voltage  (V)  and  the  AC 
voltage  (Vr. 
m.  s. 
)  were  read  off,  The  air  velocity  increased 
in  a  number  of  steps  up  to  the  maximum  available  velocity  in 
the  tunnel,  At  each  velocity  the  DC  voltage  across  the 
wire  was  noted  as  well  as  the  manometer  readings  at  stationsl 
and  2  (section  5.2.1)  together  with  a  pitot  tube  survey  in 
thý  circular  cross  section  downstream  of  the  working  section. 
In  order  to  relate  the  DC  voltage  to  the  air  flow  velocity 
across  the  hot  wim,  the  wire  must  be  calibrated. 
Calibration/ Calibration  wag-carried  cut  in  a  round  duct  connected  to 
two  compressors  with  different  capacities  in  order  to  get 
a  wide  range  of  air  flow  rate.  The  flow  was  increased  to 
the  desired  value,  the  flow  velocity  at  the  centre  line 
of-the  round  duct  was  measured  using  a  standard  precalibrated 
pitot-static  probe  1.5  ii=  diameter  whose  signal  was  read  on 
a  manometer  filled  with  Hexan  fraction  with  specific 
gravity  of  0.66.  The  nanometer  was  equipped  with  a 
0 
vernier  scale  so  that  readings  down  to  0.01  rwi  head  were 
measured.  The  hot  wire  probe  was  inserted  into  the  flow 
replacing  the  pitot  tube. 
lzing  (73)  showed  that  the  heat  transfer  rate  in  forced 
convection  fron  a  hot  wire  is'proportional  to  the  square 
root  of  the  flow  velocity.  But  the  heat  produced  by 
resistance  heating  in  the  hot  wire  is  equal  to  V2  /R,,  where 
Ris  the  hotý  wire  resistance,  so  that  a  relation  between  the 
voltage  V  and  the  flow  velocity  Um  may  be  expressed  as 
f  ollows: 
v2 
a+b  ucoh  where  a,  b  are  constantst  a= 
V02' 
W-  R 
that  gives  V2  _ 
Vo  2=b 
U- 
R 
or  V2  _V02  (bR)  U-ý 
Thus  a  graph  of  V2  -V02  plotted  against  U-k  should  be  a 
straight  line.  Calibration  curve  in  these  coordinates 
were  not  convenient  for  the  present'use.  However,  the 
calibration  was  expressed  as  a  direct  plot  of  the  output 
parameters/ . 
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parameters  of  the  calibration  process,  i.  e.  j  DC  voltage 
V  against  velocity  U-.  A  typical  calibration  is  shown  in 
figure  (5.10). 
The  anemometer  r.  m.  s.  voltmeter  reading  was  used  to 
calculate  the  magnitude  of  the  velocity  fluctuations  in  the 
vicinity  of  the  hot  wire.  Velocity  fluctuations  are  often 
expressed  in  terms  of  the  percentage  turbulence,  defined  as 
U  rras  x  100%.  In  conjunction  with  the  probe  calibration 
U22h 
equation  V-V0  (bR,  )  UO*  it  can  be  shown  that  the 
percentage  of  turbulence  is  given  by 
U.  rras 
Vx  100% 
V2  -v02 
5.2. 
This  expression  is  only  true  for  moderate  velocities  so 
that  straight  line  calibration  for  the  probe  is  applicable. 
It  is  also  valid  for  low  level  of  turbulence,  i.  e.,  less 
than  about  10  per  cent.  Since  our  concern  was  with  the 
mid-area  in  the  working  section  where  the  level  of 
turbulence  was  within  that  range  so,  the  previous  relation  was 
used  in  the  present  work.  The  level  of  turbulence, 
therefore,  is  defined  as: 
Tu  r.  m.  s.  axial  fluctuations/time  averaged  axial 
velocity. 
5.2.6.  Two-dinensionality  of  the  tunnel 
The  experimental  investigations  were  confined  to 
the  horizontal  plane  passing  through  the  median  section  of 
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the  instrumente-d  porous  test  cylinder.  This  is  vertically 
mounted  in  the  centre  of  the  working  section  where  the  flow 
had  been  regarded  as  two-dimensional  In  order  to  check 
the  two  dimensionality  of  the.  flow,,  the  instrumented  cylinder 
was  removed  and  replaced  with  another  identical  dtuamy 
cylinder.  This  cylinder  was  made  from  aluminium  having 
the  same  dimensions  as  the  test  cylinder.  On  this 
cylinder  three  pressure  tappings  0.5  mm  diameter  each  were 
drilled  radially  at  right  angles  (through  the  wall  thickness) 
to  its  longitudinal  axis  along  the  same  generator  on  the 
cylinder  surface.  Short  hypodermic  tubings  were  inserted 
through  these,  undersized,  holes  force  fit  from  outside  of 
the  dummy  cylinder. 
The  location  of  the  three  jxessure  tappings  was  aligned 
together,  one.  at  the  mid  height  of  the  cylinder  while  the 
other  two  taps  were  located  100  run  on  either  side  above 
and  below  the  middle  one.  The  extra  length  of  the 
hypodermic  tubing  above  the  outer  surface  of  the  cylinder 
was  fitted  out  and  it  was  machined  to  remove  the  burrs 
frora  the  pressure  tappings.  From  the  inner  side  of  the 
durmay  cylinder,  the  hypodermic  tubing  war.  connected  (using 
flexible  plastic  tubing)  to  a  variable  angle  multi-lirb 
manometer  filled  with  Ilexan  fracti.  on  whose  specific 
gravity  iS  0.66. 
The,  cylinder  was  rotated  around  its  vertical  axis  and  at 
each  peripheral  angle  the  readings  from  the  three  pressure 
tappings  were'noted.  '-At  any  angular  position,  relative  to 
the  incident  air  flow,  the  readings  from  the  two  side  taps 
were/... 160.1 
were  averaged  and  compared  with  those  from  the  tap 
located  at  the  mid-height  of  the  cylinder.  The  velocity 
of  the  air  flow  was  varied  and  the  procedure  was  repeated 
for  each  velocity.  Typical  results  are  shown  in  figure 
(5.5).  From  these  graphs  it  is  clear  that  the  air  flow 
in  the  mid-horizontal  section  of  the  tunnel  approximates 
to  two  dimensional  flow.  This  is  shown  in  the  similarlty  of 
the  pressure  distributions  along  the  mid  height  of  the  cylinder. 
5.2.7  Tunnel  blockage 
When  a  model  is  located  within  the  working  section 
in  a  closed  tunnel  it  reduces  the  cross  sectional  area 
I 
through  which  the  air  will  flow.  The  presence  of  the  raodel 
in  conjunction  with  the  confining  effect  of  the  tunnel 
walls  can  give  rise  to  a  substantial  blockage  within  the 
tunnel.  Boundary  layers  are  formed  on  the  walls  of  the 
tunnel  and  in,  order  to  maintain  a  constant  flow  rate,  the 
air  in  the  centre  of  the  tunnel  accelerates,  so  that  the 
actual  approach  velocity  to  the  model  in  the  working  section 
is  higher  than  the  average  velocity  upstream  of  the  tunnel. 
This  increase  in  velocity  due  to  the  presence  of  the  model 
in  the  tunnel  may  be  considered  constant  over  the  length  of 
the  model  in  the  main  stream  direction  and  is  called  'solid 
blocking'.  This  effect  arises  asa  result  of  the  inability 
of  the  stream  to  expand  laterally  as  freely  as  it  would  in 
an  unconfined  space.  It  is  a  function  of  the  physical 
dimensions  of  the  model,,  e.  g.,  model  length,,  thickness  and 
size. 
The  flow  of  real  fluids  with  practýcal  Reynolds  numbers  over 
a  bluff  body,  such  an  a  cylinderplis  associated  with  the  formation 
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of  a  wake  downstream  of  the  model.  In  these  circumstances, 
it  is  obvious  that  the  flow  velocity,  streamwise  component, 
is  equal  to  zero  at  the  rear  stagnation  point  of  the  bluff 
body  and  thereafter  it  must  increase  steadily  until  it 
reaches  the  value  of  the  average  velocity  of  the  main  flow 
some  distance  downstream  of  the  model.  As  a  result  of 
this  process,  the  mean  velocity  in  the  wake  behind  the  bluff 
body  is  lower  than  that  of  the  free  stream.  The  velocity 
deficit,  in  the  wake  of  the-model  and  the  requirements  of 
overall  mass  continuity  imply  that  the  velocity  outside  the 
wake  of  the  bluff  body  should  be  higher  than  those  in  the 
free  stream  in  order  to  maintain  a  constant  flow  rate  of 
air  passing  through  the  tunnel. 
The  velocity  distribution  in  the  wake  and  the  corresponding 
variations  in  the  main  streamvelocitiesr  outside  the  wake, 
put  the  bluff  body  in  a  zone  of  pressure  gradient  which 
extends  upstream  of  the  wake  and  results  in  a  velocity 
increment  at  the  model. 
Prom.  above  it  is  obvious  that  the  model  of  the  bluff  body 
together  with  its  wake  have  effect  on  the  actual  approaching 
of  the  model  in  a  closed  tunnel.  Consequently  any  attempt 
to  account  for  the  tunnel-blockage  effect  on  the  flow  around 
a  bluff  body  should  include  the  effect  of  both  the  solid  and 
wake  blockage. 
of  course  one  way  to  avoid  or  at  least  to  minimise  this 
interference  býtween  the  wind  tunnel  walls  and  the  flow  past 
I 
bluff  bodies,  is  to  use  small.  models.  On  the  other  hand,, 
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larger  models  arb  not  only  easier  to  work  with  but  may  be 
needed  to  achieve  large  Reynolds  numbers  or  possibly 
chosen  to.  accoi.  uaodate  specific  instrumentations  such  as 
the  present  work. 
For  the  case  of  a  circular  cylinder,  a  small  change  in  the 
flow  conditions  might  lead  to  significant  movements  of 
separation  point  and  consequently  to  significant  changes 
in  the  pressure  distribution  and  in  the  characteristics  of 
the  wake.  It  is  not  surprising#  therefore,  to  find  that 
the  available  analytical  treatments  of  blockage  had 
specifically  excluded  such  cases,  e.  g.,  Maskell  (238). 
One  of  the  earliest  calculations  for  the  tunnel  blockage 
corrections  was  carried  out  by  Fage  (74)  for  different 
Rankineoval  shapes  and  cylinders  in  cross  flow. 
Lock  (75),,  Giauert  (76)  and  Goldstein  (77)  analysed  the 
effect  of  solid  blockage  upon  the  flow  of  an  ideal  fluid 
about  asymmetric  airfoil  section  at  zero  incidence. 
Por  the  case  of  a  circular  cylinder  the  velocity  increment 
Ul  at  the  location  of  the  model  was  calculated,  using  the 
following  formula: 
Ul 
=  0.821  5.3. 
where  U  is  the  approach  velocity  in  the  tunnel  and  X.  is  the 
width  of  it, 
Allen  and  Vincenti  A78).  made  the  fir9t  attempt  to  include 
wake  blockage  in  an  analytical  treatment,  The  velocity 
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increment  U2  due  to  the  existence  of  the  wake  of  the  cylinder 
was  expressed  as  follows  : 
U2  Cd  5.4. 
ucc  4 
where  Cd  is  the  drag  coefficient  measured  in  the  tunnel. 
By  adding  Lock's  solid  blockage  correction  Ul  and  the  wake 
correction  U2  to  the  velocity  U  of  the  oncoming  flow  one 
obtains  a  corrected  velocity  Uc  =  Uq*  +  Ul  +  U2  given  as 
f  ollows: 
uc1+0.821 
(!  1)2 
+ 
Cd  (a)  5.5. 
uco 
x4x 
In  order  to  correct  for  the  drag  coefficient,  Allen  and 
Vincenti  proýosed  the  relationship: 
2 
1-  Cp  =  (-)  (1  -  Cp) 
cuC 
which  gives  the  following  relationship: 
Cd 
c 
-=1-0.5  Cd  (-g)  -  2.5  x)  5.5. 
Cd 
But  this  correction  does  not  include  a  correction  for  the 
pressure  gradient  induced  by  the  wake  blockage  and  it  implies 
that  the  pressure  distribution  is  invariant  under  constraint. 
Dalton  (239)  showed  that  the  correction  formula  of  Allen  and 
Vincenti  is  valid  only  up  to  a  blockage  ratio 
RX 
=  0.1. 
Parell  et  al  (240),,  for  blockage  ratio  up  to  Oý25, 
suggested  the  following  expression  which  takes  the  form: 164. 
cp 
c 
Cd 
c  (1  -  cp)  5.6. 
Cd 
where  the  difference  between  Cd 
c  and  (UM)2  .  in  the  two 
Fd-  'Uc 
expressions,  involves  the  extra  correction  for  the  pressure 
D2, 
gradient  induced  by  the  wake  blockage  (2.5  (R)2-  2x0.821  X 
However,,  Roshko,  (79)  and  Achenbach  (80)  used  the  suggested 
expressions  of  Allen  and  Vincenti  for  circular  cylinders  with 
blockage  ratio  of  0.136  and  0.166  respectively.  Following 
the  same  line  of  approach  these  corrections  are  used  in  the 
present  work  as  best  available  recommended  by  Pope  (81)  and 
Perkins  et  al  (82). 
5.2.8.  Simulated  condensation  tests 
Condensation  process  was  simulated  in  the  present 
programe  of  investigations  in  order  to  evaluate  its  effect 
on  the  flow  characteristics  in  a  tube  bank  condenser. 
Whenever  the  conditions  allow  condensation  to  take  place  on 
a  surface,  the  condensable  vapour  flowafrom  the  main  stream 
towards  the  cooling  surface.  By  condensation  the  vapour 
releases  heat  in  the  form  of  latent,  and  possibly,  sensible 
heat  which  is  carried  away  by  conduction  thro4gh  the  thickness 
of  the  cooling  surface  and  eventually  will  be  removed  by  means 
of  the  cooling  medium.  Therefore,  it  is  possible  to  say 
that  condensation  is  a  process  where  both  heat  and  mass 
transfer  exist  side  by  side.  Consequently  an  experimental 
investigation  to  simulate  condensation  process  should 
include  both  heat  and  mass  transfer. 
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5.2.8.1.1,  lass  Transfer  during  condensation 
The  investigation  was  carried  out  to  study  the  interaction 
between  the  vapour  and  the  surface  of  the  condensate  film. 
For  this  purpose,  it  was  assumed  that  the  condensate  film  is 
in  solid  forn,  and  the  frictional  coefficient  at  the  surface 
of  condensate  film  was  regarded  as  that  at  the  surface  of  a 
cylinder  whose  diameter  is  Dl  where  an  inward  velocity  exists 
at  its  surface*  As  Dl  is  nearly  equal  to  D+  2A,  where  A  is 
the  film  thickness,  then  it  was  assumed  that  Dl  E  D. 
On  the  cylinder  condensation  was  simulated  by  homogeneous 
suction  of  the  flowing  medium,  airl  along  the  periphery 
through  the  wall  of  the  test  cylinder  (section  5.2.2.  ).  To 
ensure  satisfactory  homogeneous  suction  along  the  circumference 
it  was  thosen  to  be  the  thickest  available  6.4  mm  in  the  fine 
grade  A  of  thp*porous,  tubing.  The  air  was  sucked  through 
the  whole  surface  area  of  the  porous  material  except  that  part 
occupied  with  the  front  part  of  the  shear  stress  sensor. 
This  amounts  to  a  length  of  about  6  mm,  along  the  cylinder's 
circumference  and  70  mm  along  the  middle  length  of  the 
cylinder  (0.7  per  cent  of  the  suction  area).  The  skin 
friction  sensor  was  isolated  from  the  interior  of  the 
cylinder  and  it  was  built  in  a  sealed  compartment. 
The  extracted  air  through  the.  thickness  of  the  cylinder  wall 
was  sucked  through  a  19  mm  diameter  circular  tube  inserted 
through  the  bottom  plate  of  the  test  cylinder.  This  tube 
was  pushed  into  the  cylinder  until  its  top  touched  the  skin 
friction  sensors  sealed  compartment.  The  top  of  the  tube 
through  which  air  passed  was  made  in  an  inverse  U-shape, 
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-One  end  of  the  U-tube  was  connected  to  the  suction  tube 
while  the  other  end  was  enlarged  conically  and  opened  to 
the  interior  of  the  cylinder.  This  was  done  in  order  to 
avoid  sucking  the  cooling  water  film  (explained  later). 
The  exit  of  the  suction  tube  was  connected  to  a  rotameter 
to  measure  the  suction  flow  rate.  This  was  connected  to 
the  suction  side  of  a  Reavell  NRD  rotary  exhauster  type  R  3k 
x5  MK9  with  capacity  range  from  0  to  0.6  cubic  meter  per 
minute.  In  order  to  facilitate  the  cylinder  rotation 
around  its  vertical  axis  while  connected  to  the  suction  line, 
the  connection  was  made  from  clear  thick  plastic  tubing 
secured  with  Jubilee  Clips.  The  tubing  was  twisted  twice 
to  avoid  being  blocked  when  the  cylinder  rotated. 
During  the  period  of  adjustment  of  the  suction  rate,  with  the 
cooling  film.  dovering  the  cylinder's  interior  surface,  there 
was  a  possibility  for  water  to  be  drawn  into  the  air  suction 
line.  Hence,  a  water  separator  was  fitted  between  the 
suction  pump  and  the  outlet  of  the  rotameter  while  another 
separator  was  placed  upstream  of  the  rotameter. 
Since  the  suction  purap  is  an  oil  film  positive  type,  the 
flow  rate  was  controlled  by  means  of  a  bypass  valve  fitted 
to  the  pump,  The  pump  was  coupled  to  an  electric  motor 
and  the  set  was  carried  on  spring  loaded  shock  absorbers. 
The  outlet  of  the  pump  was  fitted  with  a  car  exhaust 
silencer  to  reduce  the-noise  and  vibration  levels  in  the 
purapo 
fI 
The  pressure  in  the  interior  of  the  porous  cylinder  was 
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. measured  using  a  hypodermic  tubing  about  1.5  nun  diameter 
inserted  through  a  stuffing  box  fitted  to  the  bottom  plate 
which  closes  the  lower  end  of  the  test  cylinder.  The  top 
of  this  pressure  tap  was  enlarged  and  connected  to  a  cone 
facing  dovmward  for  the  same  reason  explained  for  the  suction 
tube.  The  pressure  tap  reaches  the  middle  height  of  the 
test  cylinder  while  its  other  end  was  connected  to  a  manometer 
filled  with  mercury  using  plastic  tubing  to  minimise 
restrictions  from  the  rotation  of  the  test  cylinder. 
The  pressure  inside  the  cylindert  equal  to  the  average 
pressure  over  the  inner  surface  of  the  cylinder  Pit  and  the 
normal  pressure  Po  on  the  outer  surface  of  the  cylinder  was 
monitored,  the  pressure  difference  Po  -  Pi  being  measured 
using  an  inclined  mercury  tube  manometer.  For  analysis 
this  pressurp  Uifference  was  used,  in  the  case  with  no 
cooling  film,  together  with  values  of  the  porosity  of  the 
material  given  by  the  manufacturer  to  estimate  the  suction 
flow  rate.  The  values  calculated  were  compared  with  those 
obtained  using  a  calibrated  rotameter.  Agreement  between 
the  two  methods  was  reasonable  with  i  5%. 
It  is  worth  mentioning  that  there  is  no  suction  applied 
through  the  front  of  the  shear  stress  sensor  together  with 
the  supporting  frame.  Since  the  suction  area  was  located 
at  about  3  mm  on  both  sides  of  the  loading  and  centre'  line, 
it  was  felt  that  the  skin  friction  measured  could#  although 
not  strictly  true,  reasonably  represent  those  on  a  porous 
surface.  moreoveý,  adding  suction  to  the  drag  piece  may 
cause  the  flow  direction  tube  indeterminate  on  its  surface. 
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That  could  have  added  complications  to  the  design  of  the  sensor 
to  separate  the  tangential  component  of  force  which  is  needed 
for  calculating  the  shearing  forces.  Therefore,  as  in  any 
jinstrument  a  compromise  was  necessary  and  it  was  decided  to 
i 
leave  the  drag  piece  as  a  surface  where  the  flow  direction  is 
parallel  to  it. 
5.2.8.2.  Heat  transfer  during  condensation 
In  order  to  go  one  step  further  towards  a  complete 
simulation  for  the  condensation  process  the  simultaneous 
heat  transfer  together  with  the  mass  transfer  should  be 
carried  out.  Keeping  in  mind  that  our  test  cylinder  is 
made  from  a  porous  material  and  is  instrumented  with  the 
developed  shear  stress  sensor.  quite  a  number  of  precautions 
must  be  applied  to  fulfill  that  objective. 
Since  the  effect  of  heat  transfer  direction  on  the 
behaviour  of  the  flow  around  cylinders  is  not  completely 
known,  it  was  intended  to  apply  the  heat  transfer  in  the 
same  direction  as  in  a  condenser  tube.  While  it  could 
have  been  easier  to  apply  it  in  the  other  direction,  heat 
was  transferred  from  the  hot  medium  to  the  cold  surface  of 
the  test  cylinder. 
The  air  medium  was  heated  using  an  open  bank  of  electrical 
air  heaters  fitted  upstream  of  the  working  section.  *  The 
bank  of  heaters  is  mounted  between  the  outlet  of  the  bell 
shaped  intake  section  and  the  inlet  to  the  working  section 
of  the  wind  tunnel.  '  IIE  was  supported-on  a  frane  so  that 
it  was  easy  I  to  be  removed  or  to  be  fitted  to  the  rig.  The 
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bank  was  constriicted  from  steel  frame  with  the  heater  coils 
mounted  horizontally  across  its  section.  It  is  constructed 
from  eig4teen  separate  equal  units  with  a  total  power 
consumption  of  24  KwH.  The  coils  were  made  spirals  with 
12  mn,  diameter  and  they  are  wound  from  2  mm  diameter  80/20 
nýckel-chrome  resistance  wire  supported  on  porcelain 
refractory  formers. 
The  test  cylinder  leading  edge  was  1040  mm  downstream  of  the 
heater  bank.  Heaters  were  supplied  with  240  AC  voltage 
and  the  temperature  in  the  tunnel  was  controlled  by  an 
XD6  Eltron  control  system.  This  consisted  of  a  Statchwell 
Climatronic  wall  mounting  integral  action  controller  type 
CxT  1602  to  give  a  controlled  temperature  range  of  20  to 
65  0c±  loc.  This  was  used  with  a  Statchwell  temperature 
detector  type  PD  1402  fitted  downstream  of  the  working 
section  in  the  tunnel.  The  integral  action  adjustment  was 
set  to  position  7  as  recommended  by  the  manufacturer. 
This  was  connected  to  a  modulating  and  two  positions  light 
duty  motor  Statchwell  type  XRM  1201.  The  motor  shaft  drove 
a  step  controller  through  a  tongue  and  groove  connection, 
The  step  controller  was  a  light  duty  type  MC  1202  with  nine 
active  single  pole  switches.  A  recyclic  switch  was 
attached  to  return  the  controller  to  the  start  position 
before  the  load  is  reconnectedafter  any  interruption  of  the 
power  supply.  Electrical  power  points  were  supplied  to  the 
heaters  bank  through  nine  20  ampere  C20  T  contactors. 
Power  fed  to  the-c(Als  was  distributed  in  such  a  way  so  that 
the  first  contactor  was  connected  to  the  lateral  horizontal 
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coil  and  this  is  distributed  alternatively  above  and  below 
this  cental  one.  The  arrangement  and  wiring  diagram  is 
shown  in  figure  (5.6).  The  bank  was  protected  against 
overheating  by  a  high  temperature  safety  cut-out  which  is 
wired  in  series  with  the  operating  coil  of  a  controlling 
contactor.  To  protect  the  air  heaters  against  any  failure 
in  the  main  air  flow,  the  wind  tunnel  was  equipped  with  a 
'Londex  sail  switch'  type  AS  mounted  through  the  wall  of 
the  tunnel  upstream  of  the  heater  bank  with  'off'  normal 
position.  By  means  of  an  adjustable  balancing  weightl 
this  switch  will  stay  off  until  a  predetermined  air  velocity 
in  the  tunnel  is  reached.  In  the  present  cast  the  minimum 
speed  of  4  meters  per-second  moves  the  switch  to  'ON'  position. 
Arrangement  is  shown  in  Figure  (5.7). 
To  cool  the  walls  of  the  porous  test  cylinder,  two  wayu 
were  tested.  First  method  was  to  fill  the  top  aluminium 
extension  for  the  test  cylinder  with  cold  water  and  then  let 
the  water  fall  on  to  the  porous  wall  as  a  thin  film  of  water 
by  means  of  the  device  shown  in  Appendix  5.  But  this  method 
was  found  to  be  very  critical  and  sensitive  to  any  tilting 
and  caused  problems  in  its  application.  In  the  second 
method  the  cylinder  walls  are  cooled  by  a  thi*n  film  of  water 
sprayed  on  it  from  a  special  type  of  nozzle.  For  this 
purpose  a  hollow  cone  type  of  nozzle  was  chosen.  TWO 
nozzles  Delavan's  Mini-SDX  type  AE40  and  AE50  were  used  to 
cover  a  range  of  water  flcni  rate  of  4  to  30  litres  per 
minute.  The  sprayed  cone  angle  wag  varied  from  6.5  0  to  750 
for  water  pressure  varying  from  0,3  to  5  bar. 
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Mie  nozzle  was  mounted  in  a  short  cylindrical  tube  which  was 
mounted  in  a  central  hole  in  the  plate  covering  the  top 
extension  of  the  test  cylinder.  The  water  film  sprayed 
, 
!  with  the  lowest  water  supply  pressure  covers  alr.  iost  half  of 
the  top  aluminium  extension  before  it  flows  down  on  the 
porous  surface. 
Cooling  water  was  supplied  using  a  centrifugal  pump  with 
regulated  capacity.  Through  a  Delavan  H1  strainer  and  a 
dual  chamber  Delavan  23017  pressure  relief  valve,  the  water 
was  fed  tangentially  at  right  angles  to  the  top  of  the 
hollow  core  spray  nozzle.  A  calibrated  rotameter  and  a 
thermometer  were  used  to  measure  the  cooling  water  flow  rate 
and  the  inlet  water  temperature  respectively.  Pressure 
of  the  cooling  water  supply  was  measured  using  a  pressure 
gauge  upstre4d  of  the  nozzle.  The  water  jet  reached  the 
nozzle  eccentrically  from  a  swirl  chamber  with  a  single 
inlet  spiral  configuration.  The  water  at  the  outlet 
attained  a  rotational  speed  besides  its  speed  and  it  takes 
the  form  of  a  thin  film  sprayed  on  to  the  wall  of  the  test 
cylinder. 
The  water  collected  in  the  lower  alluminium  extension  of 
the  test  cylinder  was  carried  awayrto  avoid  flooding  of  the 
cylinder,  using  a  tube  inserted  through  a  stuffing  box  in 
the  bottom  plate  of  the  cylinder.  The  tube  is  adjusted  to 
be  lower  than  the  height  of  the  lower  aluminium  extension. 
This  was  connected  to  a  level  indicator.  Nevertheless, 
this  was  found  to  be  unsatisfactory  and  sometimes  flooding 
of  the  test  cylinder  could  not  be  completely  avoided.  The 
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method  adopted-was  to  fit  a  tube  19  mm  d.  'Layaeter  through 
the  bottom  of  the  cylinder  and  flush  with  the  bottont  plate. 
The  other  end  of  this  tube  was  extended  to  pass  through  one 
end  of  a  sealed  perspex  tube  58  rilm  diameter  and  285  mm  in 
length,,  through  the  lower  side  of  the  perspex  tube  a 
connection  was  made  to  a  centrifugal  pump  to  drain  the 
collected  cooling  water.  In  fact  this  perspex  tube  worked 
as  a  part  of  the  test  cylinder  with  one  advantage,  that  the 
water  level  could  be  controlled  and  flooding  of  the  porous 
cylinder  was  avoided.  The  pressure  in  the  interior  of  the 
cylinder  is  transferred  to  the  top  of  the  water  level  in 
the  porspex  tube  by  connecting  them  via  a  small  stop-cock. 
The  water  filled  lines  were  made  using  thick  plastic  11:  ulbing. 
The  outlet  temperature  of  the  cooling  water  is  measured 
before  the  water  through  the  pump  to  the  drain. 
5.2.8.3.  Tiimperature  measurements 
Knowledge  is  needed  about  the  temperature  of  hot 
air  surrounding  the  test  section,  temperature  difference  of 
the  cooling  water  before  and  after  it  cools  the  cylinder 
and  the  surface  temperature  of  the  porous  surface. 
Temperature  in  the  wind  tunnel  is  controlled  by  adjusting 
the  control  system  to  the  desired  temperature  and  its 
variations  are,  as  recommended  by  the  manufacturer,  ±10C, 
Temperature  measurements  are  made  at  three  axial  stations 
located  centrally  in  the  working  sect-on.  The  DD  1402 
temperature  detector  was  fitted  downstream  of  the  working 
section  beside  the  two  chromel  alltimel  calibrated  thermocouples, 
one  inserted  upstream  of  the  working  section  while  the  other 
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was  downstream  of  the  instrumented  test  cylinder,  To 
detect  temperature  variations  around  the  test  cylinder  a 
thermocouple  was  mounted  to  rotate:  with  the  cylinder  and 
its  hot  junction  was  fixed  on  a  bracket  fitted  to  it  about 
12  mm  from  its  surface.  The  thermocouple  was  fabricated 
from  36  gauge  Teflon-coated  copper  constantan  wire  with 
the  junction  made  by  spot  welding  which  gave  about  0.2  mm 
spherical  head. 
-Temperature  of  the  cooling  water  was  measured  at  both  inlet 
and  outlet  of  the  test  cylinder  using  accurate  mercury 
thermometers  reading  down  to  ±  0.1  0  C.  Thermometers  were 
inserted  into  the  cooling  water  line.  The  temperature 
difference  between  these  two  thermocouples  is  used  to  calculate 
sensible  heat  carried  by  cooling  water. 
Accuracy  of  the  measurements  of  local  convective  heat 
transfer  coefficients  is  dependent  upon  the  accuracy  of  a 
surface  temperature  measurement,  The  most  colmen  methods 
of  using  a  thermocouple  to  measure  the  surfacet3mperature 
is  to  attach  the  thermocouple  to  the  surface  by  brazing, 
peening  or  capsule  couplest  e.  g.  #  copper-constantan  pressed 
in  contact  with  the  surface. 
In.  using  one  of  these  methods  two  basic  difficulties  are 
encountered.  The,  first  is  that  the  thermocoupling  only 
indicates  the  temperature  of  its  sensitive  element,  i,,  e.,, 
the  junction  between  the  two  metals.  Thus  the  sensitive 
element  must  make  a  perfect  thermal  contact  with  the  surface. 
However,,  this  must  be  done  without  perturbing  the  heat  flux 
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through  the  surface  of  affecting  phenomena  occurring  on 
the  surface,  e.  g.,  suction  through  the  surface.  The 
second  problem  is  that  if  the  positive  element  is  in 
perfect  thermal  contact  with  the  surface,  heat  can  be 
conducted  along  the  thermocouple  wires  causing  the  surface 
temperature  in  the  vicinity  of  the  junction  to  be  changed, 
Further,  the  insertion  of  the  thermocouples  must  have  some 
effect  on  the  conduction  pattern  in  the  tube  wall. 
After  some  congi,  deration,  the  technique  finally  selected 
required  that  the  metallic  surface  formed  part  of  one  arm 
of  the  thermocouple,  the  second  arm  was  made  from  a  pointed 
probe  of  a  thermoelectrically  dissimilar  metal  which  was 
pressed  against  the  surface.  The  probe  must  be  in  a  good 
electrical  contact  with  the  surface  such  that  extraneous 
Seeback  Voltages  are  not  introduced.  To  achieve  this,  a 
constant-an  wire  was  pressed  on  to  the  surface  and  the 
junction  between  the  wire  and  the  metal  of  the  surface 
represented  the  thermoelectric  element  or  the  hot  junction 
of  the  thermocouple.  Temperature  measured  by  the  junction 
so  formed  must  be  the  surface  temperature  at  the  point  of 
contact.  Heat  conduction  through  the  wires  was  minimised 
by  making  the  tip  of  the  probe  as  sharp  as  possible.  This 
also  minimised  the  effect  of  the  measuring  instrument  on  the 
heat  flux  occurring  at  the  surface.  The  constantan  wire  was 
supported  in  a  porcelain  two  bored  tube  so  that  the  wire 
passes  through  one  bore  at  one  end  of  the  tube  to  the  other 
end  which  faces  the  porous  surface  and  is  then  bent  1800 
to  pass  through  the  other  hole  in  that  end  back  to  the  inlet 
end  and  then  twisted  around  itself,  In  this  way  the  contact 
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end  of  the  conslýantan  wire  was  strengthened,  the  twisted 
end  was  collapsed  and  shaped  to  give  a  good  contact  when 
pressed  against  the  porous  surface.  When  the  wire  was  in 
touch  with  the  surface,  the  porcelain  end  was  about  1.5  mm 
away  from  the  cylinder  wall.  The  porcelain  tube  was 
supported  up  to  about  7  ram,  from  its  end,  by  hypodermic 
tubing.  This  was  spring  loaded  in  an  axial  direction  to 
press  the  constantan  wire  radially  against  the  porous  wall. 
The  probe  was  fitted  to  the  outer  surface  of  the  cylinder 
at  an  angle  of  40  0  to  the  longitudinal  axis  of  the 
cylinder.  In  order  to  complete  the  thermocouple  circuit  without 
introducing  a  foreign  metal,  the  connection  between  the 
cylinder  surface  and  the  cold  junction  of  a  thermocouple 
should  be  made  from  the  same  composition  as  that  of  the 
porous  surface.  A  strip  1.5  mm  thick  and  4  mm  wide  of  the 
same  grade  as  that  of  the  cylinder  porous  material  is  used 
to  connect  the  second  arm  of  the  thermocouple  to  the  cold 
junction.  This  strip  was  attached  to  the  cylinder  surface  by 
pressing  the  two  surfaces  together.  The  point  of 
attachment  was  sufficiently  remote  from  the  probe  location  so 
its  presence  did  not  affect  the  measurement  of  the  surface 
temperature.  Since  the  porous  strip  has  a  fragile  nature 
it  was  reinforced  and  supported  in  a  stainless  steel  tubing 
which  passed  through  a  small  stuffing  box  mounted  centrally 
in  the  bottom  of  the  test  cylinder  and  extended  vertically 
until  it  reached  the  cold  junction.  The  cold  junction  was 
dipped  into  a  glass  tube  filled  with  mercury  which  was  placed 
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into  the  ice  pot.  The  temperature  of  the  outer  surface 
of  the  cylinder  was  measured  only  at  one  point  on  the 
rotating*generator  assuming  that  it  was  uniform  along  that 
generator. 
The  temperature  of  the  inner  surface  of  the  cylinder  was 
measured  at  two  stations  along  the  same  generator  which 
coincided  with  that  for  the  outer  surface.  These  were  made 
in  a  similar  way  to  those  of  the  outer  thermocouple  with 
two  main  differences: 
a)  Probes  were  mounted  at  right  angles  to  the 
cylinder  longitudinal  vertical  axis. 
b)  Length  of  the  probe  was  extended  radially  across 
the  cylinder  diameterp  spring  loaded  from  outside 
0  the...  cylinder,  180  to  the  rotating  generator, 
passed  through  the  thickness  of  the  wall  to  touch 
the  opposite  side  of  the  cylinder  internal  surface. 
The  arrangement  for  mounting  the  thermocouples  is  shown  in 
figure  (5.8.  ). 
The  outer  probe  was  mounted  42  mm  above  the  mid-height  of  the 
test  cylinder  and  on  the  same  longitudinal  generator  as  the 
shear  stress  sensor  (section  5.2.4).  On  the  inner  surface 
the  probes  were  mounted  at  equal  distances  above  and.  below 
the  shear  stress  sensor's  compartment.  The  upper  one  was 
adjusted  to  face  the  outer  probe  across  the  wall  thickness. 
The  connection  to  the  cold  junctions  porous  strips  was  used 
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as  a  common  secdnd  arm  to  all  of  the  three  thermocouples 
measur.  ing  the  surface  -temperatures.  By  means  of  a 
&tCh  selector 
SW.  4  the  thermocouple  was  chosen  and  the 
temperature  measured  will  always  be  that  at  the  dissimilar 
metal  probe  junction. 
In  the  analysis,  the  output  readings  from  the  two  inner 
probes  were  averaged  to  give  an  estimate  of  the  temperature 
at  the  mid  section  of  the  test  cylinder. 
As  with  any  thermocouple,  to  obtain  good  accuracy,  the 
thermocouples  required  calibration.  However,  if  the 
materials  are  carefully  chosen  and  high  accurdcy  is  not 
required,  calibration  could  be  omitted.  In  the  present 
case  with  one  arm  of  the  thermocouple  is  constantan  and 
the  other  arm*ýs  the  porous  material,  calibration  of  the 
instrument  ýecomes  necessary. 
Calibration  was  carried  out  by  immersing  the  test  cylinder 
with  the  probes  in  place  into  one  of  the  standard 
temperature  controlled  water  bath  type.  Typical 
calibration  curves  are  shown  in  figure  (5.9). 
All  thermocouples  involved  in  the  measurements  were 
connected  to  a  multi-channel  14B  flini-logger  unit  where 
the  microvolt  output  scanned  over  the  thermocouples  could 
be  displayed  using  a  data  teletype. 
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5.3.  Experimental  Procedure 
5.3.1.  Single  cylinder 
A  logical  step  before  investigating  the  flow  in  a 
complete  tube  bank  exchanger  is  to  study  the-case  of  a 
single  circular  cylinder  in  a  cross  flow.  A  single 
cylinder  facing  the  undisturbed  free  stream  flow  could  be 
considered  to  resemble  a  part  of  a  tube  bank  especially 
those  tubes  existing  in  the  first  row  in  the  bank. 
Provisions  were  made  in  the  tunnel  to  facilitate  mounting 
and  removal  of  the  test  cylinder  from  the  working  section. 
Clearance  holes  are  necessary  to  protect  the  porous  cylinder 
against  being  damaged  by  the  edge  of  the  hole.  To  locate 
and  hold  the  test  cylinder  centrally  in  its  vertical 
position,  a  supporting  guide  circular  frame  of  100  mm 
diameter  is  used  on  the  top  plate  of  the  working  section 
guided  by  eight  equally  spaced  short  4BA  screws,  This 
frame  guides  the  12  mm  diameter  rod  at  the  top  of  the  test 
cylinder.  Air  leakage  was  prevented  using  rubber  sheet 
between  the  metallic  surfaces. 
The  mean  corrected  approach  velocity  Uc  of  the  flow  past  the 
cylinder  was  estimated  by  applying  the  correction  for  the 
blockage  effect  (section  5.2.7).  to  the  velocity  of  the 
undisturbed  stream  U-  to  give  the  velocity  which  would 
have  been  observed  in  the  working  section  had  the  cylinder 
been  removed.  The  air  flow  rate  passing  through  the 
tunnel  was  varied  and  the  following  measurements  were  made 
with  each  free  strehm  v6locity  under  adiabatic  conditions. 
i.  /... I  J. 
1.  Pressure  at  upstream  and  downstream  of  the  working 
section. 
2.  Peripheral  angle  measured  from  FSP. 
3.  Output  signal  developed  across  the  shear  stress 
servo-balance. 
4.  Normal  pressure  to  the  cylinder  surface  at  each 
angle  from  FSP. 
5.  Pressure  difference  across  the  floating  element 
(drag  piece)  of  the  servo-balance. 
Whenever  a  normal  velocity  is  applied  to  the  porous  surface, 
the  following  parameters  are  to  be  measured  together  with 
the  previous  ones: 
6.  Suction  rotameter  reading. 
7.  Pressure  in  the  interior  of  the  test  cylinder. 
Under  diabatic  conditions,  with  heat  transfers  between  the 
main  stream  and  the  test  cylinder,  the  following  are  extra 
parameters  to  be  measured  in  conjunction  with  the  previous 
parameters: 
Cooling  water  flow  rate. 
9.  Temperature  difference,  increase,  for  the  cooling 
water. 
10.  Mainstream  and  surface  #emiperaturcs. 
The  air  velocity  was  varied  between  about  5.29  and  13.4  meters 
per  second,  giving  a  range  of  Reynolds  number,  based  on  the 
approach  velocity  and  the  cylinder  diameter  of  0.27  x  10  5 
to/4,0 
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-to  0.7  x  10  5 
At  each  chosen  velocity  the  hot  air  together 
with  the  pitot-static  probe  were  used  to  estimate  the  flow 
velocity  and  turbulence  level  in  the  tunnel. 
5.3.2.  Tube  bank 
Reliable  data  on  flow  within  the  commonly  used  tube 
bank  arrangements  is  limited.  However,  due  to  time 
restrictions  it  was  decided  to  study  only  one  tube  arrangement, 
namely,  equal  spacing  staggered  pattern  in  the  present 
investigation  with  the  intention  to  cover  the  rest  oil  the 
arrangements  later  in  a  separate  project. 
For  the  tests,  the  transverse  and  longitudinal  spacing 
distance  were  chosen  to  be  1.5  tube  diameterr  since  this  is 
an  intermediate  step  between  the  two  limits  used  in  the 
most  of  exchan4ers,  i.  e.,  1.25  and  1.75  tube  diameter.  Thus 
for  the  cylinders  of  76.2  diameter,  the  transverse  and 
longitudinal  spacing  were  114.3  mm  each. 
Since  heat  transfer  was  to  be  simulated  in  the  tunnel  using 
the  hot  air  to  simulate  the  shell  fluid  of  exchanger, 
therefore,  the  dummy  tubes  chosen  have  a  metallic  surface. 
The  ratio  of  tube  length  to  diameter  was  chosen  to  be  5 
to  decrease  the  end  wall  effect  on  the  central  horizontal 
section  of  the  cylinders  where  the  flow  measurements  were 
to  be  made. 
For  these  tests  the  tube  bank  consisted  of  twenty-one  tubes 
arranged  in  staggered  arrangementr  three  rovis  wide  and  seven 
rows  deep.  Since  the  tubes  were  to  be  used  in  a  f'Lxed 
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.  geometry,  the  method  of  constructing  the  bank  was  to  hold 
the  tubes  between  a  pair  of  end  plates  with  holes  in  equal 
spacing  ýattern  where  the  tubes  were  screwed  to  the  plates. 
These  end  plates  fixed  the  geometrical  arrangement  and  the 
transverse  as  well  as  the  longitudinal  spacings. 
The  tubes  are  mounted  vertically  in  the  working  section  and 
each  tube  has  the  same  dimensions  as  the  instrumented  test 
cylinder,  i.  e.,  76.2  mm  OD  and  381  mm  in  length.  The 
cylinders  spanned  the  height  of  the  working  section  while 
the  test  cylinder  could  be  rotated  from  outside  the  tunnel. 
The  dummy  tubes  were  made  of  aluminium  tubing  with  6.4  ram 
wall  thickness.  The  cylinder  surfaces  are  turned  and  machined 
so  as  to  give  a  smooth  surface  finish.  Cylinders  were  fitted 
with  end  pieced  inserted  into  both  ends  of  each  cylinder  and 
secured  to  the  cylinder  walls  by  three  screws  120  0 
apart. 
These  end  pieces  were  threaded,,  to  fit  a  1/4  inch  BSF  screw, 
along  the  longitudinal  axis  of  the  test  cylinder.  By  this 
means,  the  cylinders  could  be  secured,  using  short  screws, 
between  the  top  and  bottoia  0.8  mm.  thick  steel  plates  in  the 
tunnel.  The  screws  passed  through  holes  arranged  in  equal 
spacing  staggered  pattern.  A  total  of  twenty-three  holes 
of  diameter  6.5  mm  were  drilled  through  each  end  plate 
arranged  to  suit  the  bank  pattern.  Each  plate  is  393  run 
wide,  equal  to  the  width  of  the  working  section  plus  the 
supporting  frame  width. 
The  distance  from  tL  outer  cylinders  in  a  row,  to  the 
tunnel  walls  are  equal  to  half  the  nornal  spacing  of  the 
cyliriders.  / . 
cylinders.  This  reduced  effects  of  the  wall  on  the  flow 
in  the  central  area  of  the  tunnel.  The  holes  being  114.5 
nun  apart-and  positioned  so  that  the  spaces  between  the  outer 
1holes  wid  the  plate  edge  was  equal  to  half  the  nonaal  hole 
spacing  plus  the  supporting  frame  width. 
There  were  seven  rows  of  cylinders,  with  alternate  rows 
containing  three  complete  cylinders  or  two  complete  cylinders 
with  two  half  cylinders  at  row  ends,  so  that  the  effect  of 
the  side  walls  on  the  flow  is  reduced. 
Possible  air  leakage  between  the  tunnel  walls  and  the  half 
cylinders  at  the  ends  of  each  alternate  row  was  prevented 
by  machining  the  flat  sides  of  the  half  cylinders. 
Moreover,  long  eye  and  screws  are  hooked  to  the  half  cylinders 
frora  outside  the  tunnel,  through  the  side  walls  of  the 
working  section.  These  screws  are  used  to  tighten  the 
half  cylinders  flat  ends  against  the  tunnel  perspex  5  mm 
thickness  side  walls. 
Although  the  spacing  between  the  cylinders  in  the  bank  are 
correct  on  average,  manufacturing  tolerances  meant  that  the 
actual  spacing  of  individual  cylinders  varied  from  the 
average  value.  The  tolerance  in  the  positions  of  holes 
in  the  end  plates  was  ±  0.25  mm,  and  thist  combined  with  the 
tolerance  of  ±  0.1  mm  allowed  for  the  positioning  of-the 
screw  passing  through  the  holes  and  a  tolerance  of  ±  0.15  mm 
between  the  centre  of  the  thread  in  the  cylinder  fixing  end 
plates  and  the  geometric  axis  of  the"cylinder,  gives  a 
maximum  malpositioning  of  a  cylinder  axis  of  ±  0.5  imi,  or 
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between  0.6  per  cent  and  0.7  per  cent  of  the  cylinder  diameter. 
Thus  the  maxinum  possible  variations  in  the  cylinder  spacing 
is  approximately  1  per  cent  of  the  cylinder  diameter  in  my 
direction,  although,  in  practice?  few  cylinders  will  be  more 
than  0.7  per  cent  out  of  perfect  alignment. 
Most  measurements  were  carried  out  at  a  range  of  Reynolds 
numbers,  based  on  the  cylinder  diameter  and  the  undisturbed 
55 
free  stream  velocity  between  0.27  x  10  and  0.7  x  10  The 
lower  limit  was  set  to  facilitate  co.  mparison  with  available 
data  in  the  literature  while  the  upper  limit  was  controlled 
by  the  capacity  of  the  centrifugal  fan  fitted  to  the  rig. 
The  determination  of  the  local  parameters  around  a  cylinder 
in  the  tube  bank  has  been  realised  by  the  instr,  =ented  test 
cylinder  (sectlon  5.2.2)  which  could  be  inserted  in 
different  positions  within  the  tube  bank.  The  test  cylinder 
was  located  in  the  middle  section  of  the  bank.  It  was  the 
middle  cylinder  in  a  row  containing  three  complete  cylinders. 
This  row  is  followed  by  two  rovis  of  the  dummy  tubes  to 
eliminate  the  effect  of  any  variations  in  downstream  for 
different  rows.  This  arrangement  was  fixed  during  the 
experiments,  while  changes  in  the  relative  tube  position, 
for  different  rows,  within  the  bank  are  made  by  moving  the 
other  dummy  rows  in  upstream  direction. 
In  addition  to  the  local  values  the  total  pressure  drop  of 
the  flow  through  the  whole  bank  was  measured. 
The  experimental  procedure  started  by  fixing  the  rear  three 
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rows  in  the  bank  with  the  instrumented  cylinder  in  the  middle 
of  the  first  row.  For  a  certain  flow  rate  the  approach 
velocity  was  measured  and  corrected  (section  5.2.7).  The 
local  parameters  recorded  were  similar  to  those  of  the 
single  cylinder  (section  5.3.1)  measured  around  the  cylinder 
in  equal  steps  of  5  degrees. 
The  flow  rate  was  varied  and  the  procedure  is  repeated  for 
the  planned  range  of  Reynolds  numbers.  After  completion  of 
first  row  experiments,  the  instrumented  cylinder  was  moved 
to  each  of  tho  successive  rows  by  adding  rows  of  the 
aluminium  dummy  tubes  upstream  of  that  containing  the  test 
cylinder  while  its  downstream  is  unchanged.  Therefore, 
data  collected  shows  the  effect  of  any  changes  in  the 
upstream  direction.  For  each  row  a  complete  set  of 
experiments  giiailar  to  that  of  a  single  cylinder  was  carried 
out. 
It  must  be  understood  that,  as  far  as  the  tube  dimensions  are 
concerned,,  trials  and  effort  were  made  to  choose  ones  of 
exchanger  engineering  interest.  Nevertheless,  the  physical 
dimensions  of  the  developed  shear  stress  sensor  and  the 
nature  of  the  investigation  add  more  restrictions  to  the 
tube  diameter  choice.  .  However,  it  was  felt  that  this 
disadvantage  is  not  very  serious  as  the  effect  of  the  tube 
diameter  is  allowed  for  in  the  Reynolds  number. 
5.4.  Concluding  remarks 
In  this  chapter  a  description  of  the  experimental 
apparatus  is  given.  Besides  the  constructional  details  for 
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different  parts  of  the  rig,  a  functional  description  in 
relation  to  the  proposed  experimental  progranune  is  also  given. 
It  is  clear  that  in  designing  the  present  apparatus,  provision 
is  made  for  separating  the  individual  effect  of  each  parameter 
involved  in  the  planned  projectj  on  the  flow  across  the  test 
models  whether  it  is  an  isolated  single  cylinder  or  an 
individual  cylinder  inside  an  equally  pitched  staggered  tube 
bank. 
The  developed  shear  stress  sensor,  servo-force  balance,  as  a 
first  step  in  the  project,  was  used  to  determine  the  dynamic 
characteristics  of  the  cross  flow  of  air  on  an  isolated 
single  cylinder  and  the  vortex  shedding  frequency.  Results 
cortipared  with  available  data  are  analysed  and  discussed  in 
Chapter  6. 
Various  flow  conditions  were  studied  over  a  certain  range  of 
parameters  such  as  Reynolds  number,  surface  roughness, 
turbulent  intensity  and  cylinder  position  relative  to  the 
tube  bank.  For  each  test,  simultaneous  measurements  of 
local  parameters  such  as  wall  shear  stress  and  normal 
pressure  were  carried  out  around  the  test  cylinder's 
circumference.  Results  of  pressure  drop  across  the  tube 
bank  with  different  depth  are  compared  with  data  and 
correlations  from  the  literature.  The  measurements-are 
analysed  and  discussed  in  Chapter  7. 
For  both  the  isolatbd  single  cylinder  and  tube  bank, 
detailed  studies  were  made  for  the  effect  of  mass  extraction 
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on  the  local  pai&ameter  around  the  test  model  over  a  certain 
range  of  suction  and  Reynolds  number.  Different  flow 
regimes  under  these  conditions  were  obtained  and  determined 
in  terms  of  these  parameters.  Effect  of  mass  extraction 
on  different  flow  conditions  are  analysed  and  discussed  in 
Chapter  8. 
Over  a  certain  range  of  Reynolds  number,  mass  extraction  and 
heat  load,  local  parameters  such  as  wall  shear  stress, 
normal  pressure  and  h(-.  at  transfer  coefficient  around  the 
test  model  were  determined  simultaneously.  The  effect  of 
simultaneous  heat  and  mass  transfer  on  the  flow  across  single 
cylinder  and  tube  bank  arrangement  is  analysed  and  UIscussed 
in  Chapter  9. 
f CHAPTER  6 
VORTEX  SHEDDING 
Introduction 
In  a  previous  chapter,  3,  details  of  the  design  and 
construction  of  an  instrument  to  measure  directly  the 
shearing  forces  on  circular  cylinders  in  an  external 
cross  flow  are  given.  in  this  chapter,  it  will  be 
demonstrated  how,  this  instrument  is  successfully  used  to 
give  a  picture  for  the  flow  dynamics  around  a  cylinder 
such  as  the  vortex  she  dding  frequency.  Only  data 
concerning  flow  around  single  cylinders  will  be  shown 
while  the  data  concerning  the  bank  of  tubes  are  outsýde 
the  scope  of  the  present  work. 
6.2.  Vortex-sheddihg  from  A  bluff  body 
Steady  external  flow  over  a  bluff  body,  e.  g.,  a 
circular  cylinder,  experiences.  different  flow 
characteristics  than  that  over  a  streamlined  body.  Over 
a  bluff  body,  the  pressure  rise  on  the  rear  side  of  the 
cylinder  is  sufficient  not  only  to  let  the  particles 
existing  in*the  boundary  layer  and  slowed  down  by  the 
friction  coia6.  to  rest  before  reaching  the  stagnation  point# 
but  also  to  repulse  them  (831  and,  further  downstream  the 
tendency  is  for  a  back  flow.  The  effect  of  this  is  that 
the  forward  flow  In  the  boundary  layer  is  forced  to  leave 
the  surfaces  and  a  sheet  of  discontinuity  is  formed  which 
ultimately  breaks  up.  The  separated  shear  layers  roll-up 
due  to  instability  and  mean'velocity  gradient.  This 
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breaks  up  into  vortices  which  are  shed  into  the  wake. 
The  exact  form  of  this  process  depends  on  the  Reynolds 
number  and  turbulence  in  the  fluid  flow. 
For  Reynolds.  number  less  than  about  three,,  the  flow  is 
called  Stoke's  flow  and  is  characterised  by  the  absence 
of  vortices  behind  the  cylinder.  With  increasing 
Reyno  . lds  numberi,.  streamlines  widen  and  at  about  5<  Re  <  40 
a  pair  of  fixed  vortices-are  formed  immediately  behind  the 
cylinder.  A  further  increase-in  Reynolds  number  causes 
the  vortices*to  elongate  in  the  flow  direction  and  become 
less  stable  in  asymmetric  disturbances.  Such  a 
disturbance  may  cause  the  fixed  vortices  to  break  away 
from  the  rear  of  the  cylinder.  This  leads  to  the  formation 
of  a  new  pai  r  of  vortices  which  break  away  too,  the  process 
repeats.  itself  and  a  state  of  alternate  periodic  vortex- 
shedding  is  reached.  The  boundary  value  for  the 
Reynolds  number  of  40  (for  the  sheddincj  of  the  vortices) 
is  valid  only-for  flows  in  a  free  field.  if 
measurements  are  made  in  a  wind  tunnel,,  the  tunnel  walls 
extend  a.  stabilizing  action  on  the  separated  boundary  layer, 
so  that  the  final  collapse  into  individual  vortices  could 
take  place  at  higher  approach  Reynolds  number  which  is  a 
function  of  the  blockaqe  ratio  (841. 
.  The  process  of  breaking  away  of  the  vortices  can  occur  at 
Reynolds  numbers  as  low  as  ninetyand  then  a  Karman  street 
is  formed  in  the'wake  of  the  cylinder.  For  Reynolds 
number  up  to  150,,  the  flow  in  the  vortices  is  laminar  and 
the  vortex  street'is  preserved  formany  diameters  down 
stream. 1:.  ' 
As  the  Reynolds  number  increases  from  150  to  300,  the  -Eree 
vortex  layers  "spring"  away  from  each  separation  point  on 
each  side  of  the  cylinder  to  become  turbulent  before 
shedding  away  into  the  vortex  street.  The  vortices  are 
diffused  as  they  move  downstream  and  at  about  fifty 
diameters  downstream  there  is  pure  turbulence  with  no 
evidence  of  periodicity.  As  the  Reynolds  number  maches 
300,  a  transition  from  laminar  to  turbulent  flow  at  the 
separation  points  occurs  and  periodic  turbulent  vortices 
are  shed  into  the  wake  of  the  cylinder  and  decay  rapidly 
with  distance  downstream. 
This  situation  is  believed  to  remain  up  to  the  critical 
5 
Reynolds  number,  about  2x  10  This  range  is  known  as 
the  subcritical  range  of  Reynolds  number.  At  tile  critical 
Reynolds  numb.  er,  the  flow  transition  from  laminar  to 
turbulent  occurs  in  the  boundary  layers  and  this  causes 
the  separation  to  be  delayed  and  the  separation  points 
move  backwards  towards  the  rear  of  the  cylinder.  This 
causes  the  wake  to  be  much  narrower,  periodic  vortex 
shedding  is  suppressed  and  the  pressure  drag  falls  to  a 
minimum. 
13oundaries  between  the  subcritical  and  the  critical  ranges 
tend  to  be  at  lower  Reynolds  numbers  by  increasing  the 
turbulence  level  in  the  incident  stream,  since  transition 
to  turbulent  flow  in  the  wake  or  boundary  ldver  then  occurs 
at  a  lower  Reynolds  number. 
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6.3  Measurements  of  the  slhuddiaq  fnique-ncy: 
The  rate  at  which  the  vortices  arc  shed  from  the 
sides  of  the  cylinder  is  usually  measured  using  ono  or  a 
comination  of  the  following  methods 
1)  Strain  gauges  on  the  cylinder  surface 
-tex  2)  Not  wire  anemometer  in  the  L%arman  vo-  S  hee 
3)  Microphones  inside  or  outside  the  -'%-.  unno.  L 
4)  Capacitive  or  inductive  transducer  supported  on 
the  chalinal,  wall  and  kept  a  snall  distance  from 
the  wall. 
Platintul,  film  sensorsdeposited  on  the  surface  wita 
f  requency  response  calibration  (8  J)  .  5 
The  field  of  the  vortices  is  by  no  means  a  purely  sinusoi-dal 
one;  its  second  harmonics  i:  iay  be  strong.  'Af  one  of  the 
-mechanical,  nitural  frequencies  of  the  cylizider  or  the 
channel  walls  happens  to  coincide  with  this  seco-nd  harmoni,  -.,, 
a  strong  vibration  or  noise  with  this  frequency  may  be 
detected  if  one  of  the  methods  1.3  or  4  are  in  use. 
The  source  for  such  noise  is  not  necessarily  the  -E.  Leld 
column  perpendiCular  to  the  flow  and  parallel  to  the 
cylinder  longitudinal  ax--s  inside  the  channel,  but  could 
also  come  from  the  radiation  of  the  vibrations  cf  thi-3 
cha=el  wall.  Measurements  of  ttlais  type  could  lead  to  a 
sheddiiig  frequency  twice  as  hig1h  as  the  real  one  in  the 
channel. 
Hot  wire  aneriometry  is  used  ext-ensively  in  measuring  t-he 
shedding  frequency.  The  hot  wires  are  tungsten  w-,  --es  of 
5/...  . i9i. 
microns  in  hameter  and  the  electronic  circuit  is  a 
linearized  constant  temperature  type.  In  these,  cases, 
the  hot  -wire  should  be  placed  ia  the  niainstream  so.  me 
dislCance  away  from  the  axis  of  the  Karrian  vortex  stroet. 
Hot  wire  measurements  have  indicated  that  the  flow  5tructure 
and  particularly  the  frequencies  of  flow  oscillations  can 
change  rapidly  in  the  vicinity  of  the  solid  surface. 
Roshko  (36)  reported  a  frequency  twice  the  shedding 
frequency  at  close  proximity  to  t'--le  cylinder  by  a  hot  wire 
anemometer.  Moreover,,  the  presence  of  the  probe  couId 
affect  the-  flow  structure  around  the  cylinder. 
The  drawback  in  using  strain  gauges  is  that,  to  ensure  an 
adequate  reliably  measurable  strain,  the  cylinder 
neads  to  be  gufficiently  flexible  (87).  Under  these 
circumstances  there  is  a  real  danger  of  contam2;  -nation  of 
the  result  from  the  cylinder  dynami1cs. 
Hussain  and  Ramjee  (891  showed  that  pariodical  signal, 
from  a  hot  wire,  in  the  cylinder  wake  at  Re=  145  increases 
tude  from  the  rear-of  the  cylinder  to  al)oui;  four  in  amplit 
diam..  ters  distance  and  then  decreases  progressively  with 
distance  front  the  cylinder.  Moreover,  increasing  the 
free  stream  turbulence  will  disturb  the  wake  vortices, 
The  other-wise  stable  and  periodic  wake  is  disturbed  by  týie 
three  dimensional  free.  streara  turbulence  and  the  distortim 
will  be  complate,  at  60  diameters  downstream  of  the  cy'Linder. 
In  the.  cp-se.  of  the,  tube  banksi  ýStroulhal  number  measuzements 
,,  are/ 192. 
are  more  difficult  than  those  of  an  isolated  cylinder. 
Chen  (90)  during  experiments  to  determine  the  Strouhal 
number  for  tube  banks  of  various  geometries  interpreted 
his  hot  wire  measurements  in  terms  of  vortex  shedding. 
He  suggested  that  different  types  of  vortex  patterns  exist 
for  differenttypes  of  tube  bank  geometries.  on  the  other 
hand,  Owen  (91)  from  similar  experiments  to  those  of  Chen 
interpreted  his  hot  wire  signal  in  terms  of  turbulence 
which  does  not  involve  vortex  shedding.  Further#  he 
suggested  that  deep  inside  atube  bank  system  the  flow  is 
essentially  turbulent  and  exhibits  no  regular  features 
apart  from  the  general  motion  through  the  tube  bank.  By 
using  microphones  to  pick  up  the  pressure  fluctuations,, 
Bauly  (92)  tried  to  measure  the  vortex  shedding  in  a  tube 
bank.  The  predominant  frequency  was  determined  from 
the  microphone  signal  frequency  spectrum.  He  concluded 
that  the,  Strouhal  numberin  the  bank  can  depend  upon  the 
number  of  cylinder  rows.  Vortex  shedding  frequencies 
were  also  measured  by  Borges  (93)  for  two  row  banks  of  tubes. 
The  technique  adopted  was  to  vary  the  position  of  the  hot 
wire  between  the  two  rows  until  a  near  sinusoidal  output 
was  obtained.  This  signal  is  stored  on  a  screen  of  a 
storage  oscilloscopd  and  frequency  is  measured  directly  from 
: he  oscilloscope  record  and  an  average  obtained  from  a 
number  of  samples.  From  measurements  in  a  single  row  bank,,. 
Ishigai  (94),  suggested  that  the-shedding  frequency  recorded 
0 
I. 
by  the  hot  wire  for  transverse  pitch  of  <  1.5  was  somewhat 
irregular  and  the  periodic  velocity  fluctuations.  caught 
were  not  due  to  the  Karman  vortex  but  to  unknown  reasons. 
Stevenson  (951  used  two  hot  wires.  placed  in  the  rear  of  the 
cylinder/... 9. 
cylinder  row  and  he  reached  the  sarne  conclusion.  For 
more  details  about  this  topic  reference  should  be  made  to 
the  critical  survey  made  by  Z"dravkovich  (255). 
6.4  Present_device  and  she(3.  di,,  -ig-  f  recluency  noe-asureirents 
It  has  been  realised  that  it  would  be  more  accurate 
to  esUimate  the  shedding  frequency  on  the  cylinder  surface 
if  such  measurenents  are  made  on  a  part  of  the  surface 
producing  such  vortices.  For  this  purpose,  the  presont 
device  developed  for  measuring  -the  shearing  force 
(Chapter  3)  which  is  constructed  at  the  middle  height  of 
the  test  cylinder  was  used  to  measure  such  frequoncies. 
I-leasurements  of  the  dynamic  ---espons--  of  the  device  were 
made  at  two  angular  positions  arow-id  the  circum.  Eerence  of 
the  cylinder,  In  the  analysis  this  dynamic  response 
-L  s 
used  to  determine  the  dominant  shedding  frequency  -in  tha 
flow  around  the  cylinder.  First  position  was  chosen  whe-re 
there  was  knovm  to  be  a  definite  boundary  layer  at  the 
frontal  part  of  the  cylinder,  namely  at  0  z=  50  0 
measured 
from  the  front  stagnation  point.  Secmd  angular 
position  was  located  in  the  main  vortex  region  (85)  and  it 
was  chosen  to  be  at  0=  160  0  from  the  front.  stagnation  point 
Li  the  wake  region  of  the  test  cyUnder. 
The  dominant  frequency,  vortex  shedding,  was  measured  from 
the  dynamic  response  of  the  shearing  force  device  when  it 
was  exposed  to  the  ext-ernal  flow  across  the  cylinder. 
The  technique  adopted  was  to  rotate  the  cylinder  around  its 
0  vertical  axis  to  the  first  chosen  position,  at  50  ,  and  the 
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signal  developed  across  the  servo-force  balance  was 
displayed  on  the  screen  of  an  Advance  Instriliaents  OS/000A 
oscilloscope.  Then  the  signal  was  recorded  using  a  data 
lab  DL  901  transient  recorder.  The  recorded  signal  was 
transferrQd  on  to  a  tape  which  was  fed  to  a  computer 
programme  for  analysing  the  spectrum  obtained  using  the 
fast  fourier  transforriation  (FFT)  technique  to  determine 
the  frequency  -  amplitude  characteristics  of  the  spectrum. 
The  dominant  frequency,  indicated  the  shedding  frequency 
in  the  tunnel.  The  procedure  was  repeated  at  the  second 
angular  position,  i.  e.,  160  0  fron  the  F.  S.  P.  the  frequency 
was  estimated  and  an  average  was  obtained  from  a  nuLd)er 
of  samples. 
At  each  position  at  leasttp-n  samples  were  taken,  from  each 
flow  rate,  of  the  output  signal  of  the  servo-force  balance. 
Fron  these  samples  the  dominant  shedding  frequency  was 
estinated.  The  highest  anplitude  recorded,  averaged  over 
the  sampling  period,  was  recognined  to  correspond  to  the 
vortex  frequency  of  the  fluid  colunn  perpendicular  to  the 
flow  direction.  A  typical  frequency  amplitude 
characteristics  are  shown  in  Figures  6.1  to  6.5  as  'first 
trial'  which  correspond  to  main  stream  velocities  U.,  of 
5.3,9.3  and  13.4  meters  per  second. 
From  the  measured  frequency  the  Strouhal  number  defined  as  :- 
nd  S-6.1. 
vu00 
s 
was  estimated,  where,  n  is  the  dominant  shedding  frequency 
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of  the  unsteady  flow,  d  is  the  cylinder  diameter  and  U,, 
is  the  free  stream  velocity.  W  Strouhal  number  was 
estimated  to  he  about  OA  and  was  independent  of  the 
Reynolds  number  of  the  main  flow  around  the  cylinder. 
The  experimental  runs  were  repeated  and  results  are  shovm 
on  the  corresponding  figures  as  the  'second  trial'.  it 
is  apparent  that  the  servo  force  balance  shOWs  a  quite 
satisfactory  level  of  rcpeatabilil--y.  The  point  which  is 
worth  mentioning  here  is  the  detect-ion  of  the  same 
dominant  vortex  shedding  frequency  at  the  frontal  part  of 
the  cylinder  at  50  0, 
measured  from  the  FSP  whicl,,  -  was 
similar  to  that  detected  in  the  vortex  region  in  the  walre 
of  the  cylinder.  Bruun  (96)  from  measurements  of  the 
unsteady  pressures  around  a  cylinder,  using  pressure 
transducers.  connected  to  equally  spaced  pressure  tappings, 
noticed  that  in  the  sub-critical  range,  the  vortex  shedding 
dominated  the  surface  pressure  fteld.  This  result 
together  with  the  present  results,  suggest.  that  the  shedding 
of  the  vortices  _Js  affecting  'Che  whole  flow  structure  over 
the  cylinder  surface.  It  is  obvious  that  the  amplitude 
of  the  signal  is  not  as  dominant  at  the  frontal  part  of  the 
cylinder  compared.  to  the  rear.  Nevertheless,  it  is 
possible  to  ask  whether  the  assumption  for  laninar  boundary 
layer  and  laminar  separation  is  still  holding  for  this  'shaken' 
boundary  layer  on  the  f  ron-tal  part  of  the  cylii-Ide.  r. 
6.5.  Coacludin2  Remarks 
From  previous'sections  it  13  possible  to  conclude 
thaL  by  analysis  of  the  -dynamic  response  of  the  developed 
tservu/... 196. 
servo  florce  ba-Lance,  vortex  shedding  ftequency  can  be 
est  -L,,  ti  at  --  (f.  .  Tile  results  are  iii  ajraerment  .,  7i'.  -h  the 
reportiýýd  values  in  the  literature.  The  main  conclusion 
reached  is  that  the  present  device  works  satisfactorily  and 
could  be  used  with  some  confidence  for  investigating  static 
and  dynamic  characteristics  of  the  flow  across  circular 
cylinders. 107. 
CHAPTER  7 
RESULTS  II:  CROSS  FLOW  THROUGH  A  TUBE  BANK 
Introduction 
The  study  of  flow  across  tube  bank  configurations 
continues  to  attract  interest  because  of  the  imýortance 
of  this  flow  type  in  the  design  of  heat  exchangers.  From 
the  lite  rature  survey  presented  in  Chapter  S.  it  is  clear 
that  while  much  work  has  been  done  on  the  overall 
characteristics  in  the  tube  banks,  a  limited  number  of 
investigations  dealt  with  the  details  of  the  flow  within  the 
bank  configurations.  This  shows  the  need  for  more  work  to 
be  carried  out  to-provide  more  information  about  the 
detailed  characteristics  inside  the  tube  bank.  Due  to  this 
need  the  present  work  was  undertaken. 
The  present  study  is  mainly  concerned  with  studies  into  the 
flow  characteristics  within  tube  banks  in  general  and  equal 
pitches  staggered  type  in  particular  for  the  case  of  a 
cross  flow  normal  to  the  tube  axis  in  a  model  of  a  vertical 
tube  condenser.  A  complementary  approach  to  this  will  be 
considered  in  separate  successive  stages,  in  Chapters  7,8 
and  9. 
This  chapter  deals'with  the  first  stage  in  the  present 
investigation,  i.  e.,  the  influence  of  different  flow 
parameters  which  might  affect  the  flow  around  a  circular 
cylinder  whether  single  or  within  a  tube  kmnk.  The 
parameters  involved  are  those  of  the  surface  roughness, 
0 
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Reynolds  nwaber  and  turbulence  intensity  for  single  cylinder 
in  a  cross  flow.  Thereafter,  the  effect  of  the  cylinder's 
relative  position  within  the  tube  bank  is  investigated. 
The  flow  parameters  distribution  around  the  test  cylinder 
was  carried  out  using  the  experimental  rig  explained  in 
Chapter  5.  Data  was  recorded  for  the  variations  in  the 
normal  pressure  and  wall  shear  stress  around  the  test 
cylinder  under  different  flow  conditions.  Whenever 
possible,  this  is  compared  with  the  relevant  work  reported 
by  other  research  workers. 
Local  values  of  the  wall  shear  stress  were  measured  using 
the  specially  developed  sensor  described  in  chapter  3 
and  using  the  experimcntal  procedure  as  explained  in 
Chapter  5.  - 
First,  data  is  presented  for  the  flow  across  a  single 
cylinder  andr  thereafter,  it  is  followed  by  results 
obtained  using  the  tube  bank  model. 
7*2.  Single  cylinder  in  a  cross  flow 
This  part  of  the  study  is  subdivided  into  sections 
to  accor.  modate  the  individual  influence  of  parameters 
such  as  surface  roughness  and  turbulence  intensity  on  the 
flow  characteristics  around  the  cylinder'circumference. 
The  experiments  were  performed  using  the  porous  cylinder, 
section  5.2.2.,  spann±ng  the  height  of  the  working  section 
and  located  in  its  middle  plan  between  the  side  walls. 
Local/.  .. 19). 
Local  measurem6nt  of  the  wall  shear  stress  and  normal 
pressure  were  made  using  the  servo-force  balance  with  its 
built  in  pressure  tappin(js,  Chapters  3  and  5.  The  length 
and  diameter  of  the  tubes  connecting  the  pressure  tappings 
to  the  manometer  were  chosen  to  ninimise  the  response  of  the 
flow  fluctuations  and  time  average  values  were  thus 
obtained. 
As  the  distributions  around  the  cylinder  circumference  were 
believed  to  be  symmetrical  about  the  meridian,  measurements 
were  recorded  from  0=  00  up  to  1800  from  the  front 
stagnation  point  (FSP)  by  rotating  the  cylinder  around  its. 
vertical  longitudinal  axis.  The  angle  0  was  read  Ly  Lhe 
protractor  fitted  to  the  test  cylinder. 
From  static  pXessure  readings  around  the  position  0=00 
the  point 
ýf 
maximum  pressure  accurately  deterrained  the 
location  of  the  front  stagnation  point  and  errors  in 
positioning  the  protractor  relative  to  the  angle  scale  were 
thus  highly  reduced. 
7.2.1.  Shear  sensor's  gap  effect  on  the  recorded  skin 
friction 
From  the  external  cross  flow  around  the  cylinder  view 
point,  the  drag  piece  of  the  sensor  whilst  flush  with  the 
cylinder  surfacer  was  separated  from  it  by  a  surrounding 
80  Um  clearance  gap. 
Presumably,  the  balance  would  give  a  better  reading  if  that 
clearance  gap  was  zero,  for  then  there  would  be  no  floating 
drag/..  o  r. 20J. 
drag  pi.  ece.  Since  the  surface  area  of  the  drag  piece  is 
quite  large  compared  to  the  very  small  clearance  gaps 
(over  25  times),  the  pressure  underneath  this  area  will  be 
quite  uniform  and  errors  due  to  pressure  forces  could  be 
minimised. 
However,  it  seems  reasonable  to  assume  that  modifications 
of  the  flow  over  the  outer  surface  of  the  test  cylinder  is 
slight  if  the  clearance  gap's  width  is  kept  small.  The 
magnitude  of  the  disturbance  caused  to  the  flow  eventually 
depends  on  the  dimensions  of  the  gap  width  as  well  as  the 
flow  characteristics  in  the  gap  vicinity. 
Dhawan  (2)  carried  out  measurements  of  the  velocity  profile 
together  with  Schlicran  photographs  in  the  vicinity  of  2  mm, 
gap  in  a  thick  turbulent  boundary  layer  and  0.25  nm  gap 
in  supersonic  flow.  He  concluded  that,  provided  that  the 
drag  piece  is  flush  with  the  surrounding  model  surface, 
the  flow  characteristics  were  essentially  unaltered  by  the 
presence  of  these  gaps.  Moreover,  it  was  indicated  by 
White  (53)  that,  provided  that  the  gap  width  is  kept  small, 
about  80  Vm,  the  effect  of  the  gaps  is  not  serious  and 
readings  of  the  balance  may  be  accepted  with  some  confidence. 
It  is  apparent  that  more  accurate  information  about  gap 
effect  on  the  measured  skin  friction  could  be  obtained  from 
an  experimental  investigation  solely  devoted  to  such 
studies.  It  was  felt,  however,  that  in  view  of  the 
limitations  imposdd  by  the  present  set  up's  physical 
dimensions,  it  would  not  be  wholly  satisfactory  for  this 
'purpose,  /,,, 2101.  ' 
purpose.  Indded,  such  an  investigation  would  best  be 
perforned  using  larger  devices  in  a  working  section  with 
extremely  uniform  and  accurately  controlled,  repeatable 
flow  conditions. 
However,,  the  published  data  in  the  available  literature 
provides  an  approximate  picture  of  the  clearance  gap 
effect  and  its  influence  on  the  measured  shear  stress 
values. 
The  first  estimate  is  that  given  by  Hoerner  (245,246)  who 
considered  the  deep  clearance  gaps  as  a  sort  of 
in,  periLection  in  the  surface  and  indicated  that  the  drag 
caused  by  these  gaps  is  a  function  of  their  width  and  depth. 
For  gaps  with  depth  to  width  ratio  of  more  than  0.7,  the 
gap  drag  coefficient  reached  a  constant  value  and  the 
pressure  forces  were  those  corresponding  to  a  dynamic 
pressure  calculated  on  a  height  equal  to  the  width  of  the 
gap.  This  means  thatp  for  the  case  of  the  present  floating 
drag  piece,  the  effect  'is  approximated  to  twice  the 
magnitude  of  the  skin  friction  based  on  the  gap  area. 
in  1955,,  Hakkinen  (247)  showed  that  these  clearance  gaps 
introduce  a  force  equal  to  at  least  the  skin  friction  based 
on  some  effective  gap  area  acting  on  the  solid  surfaces  as 
pressure  forces.  These  forces  act  on  the  side  of  the  gap 
as  increased  skin  friction  on  the  surface  of  the  drag  piece 
exposed  to  the  main  flow.  With  gap  clearance  equal  to  11% 
of  the  deflected  drag.  piece  arear  Hakkinen  estimated  the 
effective  area  to  be  50%  of  the  total  clearance  area. 
Moreover/ 2o..  ý  ýý 
Moreover,  he  Aported  that  in  a  null-type  transducer  system, 
the  gap  effcct  could  be  even  smaller. 
Recently,  a  smaller  gap  effect  was  reported  by  Depooter  et 
al  (56)  who  demonstrated  that  the  effective  gap  area  was 
reduced  to  36.5%  of  the  total  clearance  area.  They 
pointed  out  that  the  difference  between  their  results  and 
those  of  Hakkinen  were  due  to  the  fact  that  they  used  a 
null-type  device  while  he  used  a  deflected  type  of 
instrument  where  the  gaps  upstream  and  downstrean,  of  the 
drag  piece  were  not  equal  under  loading.  conditions. 
I'lideed,  an  investigaLion  which  is  designed  only  to  prrv;.,  2,  e 
data  on  the  effect  of  the  gap  clearance  is  the  answer  for 
the  major  question:  How  much  can  the  gaps  affEect  the 
measured  skin  friction? 
Such  an  investigation  was  carried  out  by  Allen  (63)  using  a 
drag  piece  with  different  sizes  over  a  wide  range  of  gap  width 
to  drag  piece  area  ratio.  Within  the  scatter  of  the 
obtained  results  for  the  variation  in  the  measured  skin 
forcest  with  zero  protrusion,  as  a  function  of  the  gap  size, 
very  little  effect  is  indicated  for  the  gap  size  on  the 
total  friction  forces. 
Moreoverr  Allen  (63)  indicated  that  there  was  no  advantage 
in  using  small  gap  size  and  a  larger  gap  size  was 
recommended  for  it  was  less  sensitive  to  protrusion  error. 
While  this  might  be  the  case  on  a  flat  plate  where  the 
incident  main  streara  is-parallel  to  the  drag  piece  surface, 
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the  situation  is  different  on  the  surface  of  a  circular 
cylinder.  In  thiz  case  the  drag  piece  together  with  We 
clearange  gaps  face  the  incident  stream  with  different 
angles  as  they  rotate  around  the  cylinder  circurtiference. 
It  was  felt,  hoviever,,  that  it  was  much  more  advisable  to 
use  the  smallest  possible  clearance  gap  width  on  the 
present  test  cylinder  rather  than  the  big  one. 
It  is  obvious  that,  considering  the  above,  an  approximate 
percentage  of  the  error  involved  in  the  present  skin  friction 
measurements  due  to  the  presence  of  the  clearance  gap 
could  be  estimated.  On  the  one  hand,  applying  the  approach 
u  sed  by  Hoerner  (245,246)  to  the  problem  in  hand  gives 
the  maximum  possible  error  of  about  8%  overestimated. 
on  the  other  hand,  applying  the  other  extreme  found  by 
Depooter  et  a.  1  (56)  provides  the  minimum  possible  error 
in  the  meaýured  shear  stress  of  about  3%  overestimated. 
7.2.2.  Procedure  and  reduction-of  oi-,  servations: 
For  a  certain  nain  air  flow  rate,  the  undisturbed 
force  stream  velocity  was  calculated  from  measurements  of 
flow  velocities  by  the  pitot  traversing  mechanism  located 
in  the  circular  section  dovmstream  of  the  working  section. 
Moreover,,  the  velocity  head  was  recorded  by  a  Prandtl  tube 
just  upstream  of  the  test  cylinder  and  was  compared  with 
that  obtained  from  the  static  pressure  taps  on  the  cylinder 
at  the  FSP.  The  agreement  was  reasonable  about  ±2  per 
cent  and  the  velocity  head  recorded  at  the  FSP  was  used, 
accordingly,  to  calculate  the  main  stream  velocity  U.. 2,,  'ý)  4. 
velocity  was  then  corrected  for  the  blockage  effect 
through  equations  5.5,  and  thus  Ua  was  obtained. 
The  normal  pressure  distribution  was  measured  from  the 
signal  recorded  by  the  tappings  located  at  the  test 
porous  cylinder  referred  to  the  static  pressure  avotaged 
over  the  side  walls  of  the  working  section  upstrean.  of 
the  test  cylinder  in  the  undisturbed  region  (P. 
0). 
The  static  pressure  around  the  cylinder  circumference  was 
made  non-dimensional  in  the  form  of  pressure  coefficient 
CP  against  angle  0  measured  from  FSP. 
CP  0=0 
p 
Co 
7.1. 
where  P0  is  the  normal  pressure  measured  at  the  prepheric 
angle  0  and  P. 
0 
is  the  static  pressure  of  the  undisturbed 
incoming  stream. 
The  pressure  drag  contribution  to  the  total  drag  coefficient 
is  calculated  using  the  following  formula  :- 
KD  =0f 
ir  CP  0-  cos6  de  7.2. 
on  the  other  hand,,  wall  shear  stress,  T.,  was  measured  from 
the  output  signal  of  the  servo  force  balance  and  presented 
in  a  dimensionless  form  by  the  dynamic  pressure  as  the 
friction  factor  K  ie  -0  * 205. 
K 
fo  T6/1-2  pu 
a  7.3. 
The  values  of  this  coefficient  are  estimated  to  be  within 
3  to  8  per  cent  overestimated  (section  7.2.1). 
Drummond  (72)  suggested  that  the  frictional  drag  could  be 
obtained  by  integrating  the  wall  shear  stress  from  the  FSP 
up  to  the  flow  separation  on  the  cylinder  surface  while 
Morsy  (57)  integrated  the  skin  friction  distribution 
graphically  to  obtain  the  average  coefficient  of  shear 
stress. 
In  this  work  the  shear  drag  contribution  to  the  total  drag 
coefficient  is  estimated  as  following  (23)  : 
. 
F.  =f 
ir  K  fo  sinG  d0  7.4. 
The  ratio  contribution  of  the  wall  shear  stress  and 
pressure  drag  is 
AP  skin  friction  CF  7.5. 
AP  press  drag  KD 
and  the  turbulence  intensity  of  the  incoming  air  stream  is  : 
T.  L,  !  2f 
x  100 
U40 
7.2.3.  Effect  of  surface  roughness 
7.2.3.1.  surface  roughness  in  cross  flow: 
Smoothness/... 
7.6. 2,36. 
smootimess  or  rou(jiiness  of  a  surface  is  a  relative 
quantity.  It  is  a  common  practice,  however,  to  regard  a 
surface  as  smooth  when  it  is  so  even  that  no  roughness  or 
points  are  perceptik>le  to  the  touch.  In  aerodynamics  the 
surface  roughness  influence  on  the  flow  structure  is  a 
function  of  the  type  of  flow  together  with  the  boundary 
layer  structure  over  the  surface  in  hand. 
Sometimes  permanent  surface  treatment  is  used  to  enhance 
the  heat  transfer  in  heat  exchangers  to  raise  the  efficicncy 
of  the  unit.  This  could  be  achieved  by  applyinq 
4ydrophobic  coatings  for  condensing  surfaces,  porous 
coatings  for  boiling  and  textured  or  formud  surfaces  for 
both  condensing  and  boiling  (24). 
Therefore,  an.  investigation  into  the  effect  of  surface  roughness 
on  the  flow  around  circular  cylinders  was  considered  to  be 
relevant  to  the  present  study.  Surface  roughness  with  a 
cross  flow  on  cylindrical  surfaces  was  also  studied  by 
5 
Achenbach  (30)  for  roughness  parameter  up  to  45  x  10- 
Since  his  probe  was  not.  able  to  detect  shear  stress  values 
for  Reynolds  number  less  than  10  51  he  concluded  thatt  based 
only  on  static  pressure  measurements,  the  surface  roughness 
does  not  affect  that  flow  regime. 
In  the  present  work,  the  outer  surface  of  the  test  cylinder 
with  its  porous  nature  was  considered  to  have  a  rough. 
surface  with 
Ks  53  x  10-5,,  where  1%  is  the  average  diameter 
3  D 
of  the  spherical  bro4ze,  particles  fron,  which  the  cylinder  was 
made.  Thereafter  the  cylinder's  outer  surface  was  hiade 
'ýaerodynamicallyl  sr-.  tooth  by  applying  a  sheet  of  transpaseal 
self/ 20-17  . 
self  adhesive  plastic,  50  pja  thick  to  it.  The  sheet  was 
applied  to  the  whole  surf  ace  including  the  drag  piece  of 
the  shear  force  sensor  together  with  its  supporting  frame. 
Care  was  taken  to  heep  the  same  squared  clearance  gaps 
around  the  drag  piece. 
7.2.3.2.  Results  and  discussion 
rirst  of  all,  it  was  decided  to  conpare  the  present 
results  with  those  obtained  by  other  investigators  arouiid  a 
smooth  surface  single  cylinder  in  a  cross  flow  using 
different  types  of  probe  for  realising  the  wall  shearing 
forces. 
Fig.  7.1  shows  the  measurements  of  Achenbach  (176),  Giedt  (43), 
rage  (41)  and  Zingzda  and  Ruseckas  (47)  together  witli  soiae 
of  the  present  results.  The  results  of  these  investigators 
cover  a  range  of  Reynolds  number  from  29000  to  100,000  and 
were  obtained  using  a  variety  of  indirect  shear  stress 
measuring  techniques.  For  example,  data  of  Achenbaca  and 
Zingzda  and  Ruseckas  were  realised  using  a  boundary  layer 
fence  similar  to  that  developed  by  Konstantinov  and 
Dragnysh  (46).  On  the  other  hand,  results  of  both  Fage 
and  Giedt  were  obtained  using  surface  tubes. 
It  is  interesting  to  note  that  while  Achenbach  was  not  able 
to  obtain  shear  stress  data,  using  the  boundary  layer 
fence,  4.  'or  Reynolds  number  less  than  100,000,  ""ingzda  and 
Ruseckas,,  using  the  same  technique,,  managed  to  record  skin 
friction  forces  ariound-the  cylinder  for  Reynolds  numbers  as 
low  as  29,000. 
0 
From/.  .. ----71 
20a. 
From  fi.  cjure  7.1;  it  is  clear  that  the  disagrement  between 
the  present  Ameasurements  and  those  for  the  mentioned 
research.  workers,  cannot  be  attributed  to  variations  in  the 
turbulence  intensity  since  they  are  performed  w  ith  T.  L.  %' 
within  1.2  per  cent.  ileither,  could  it  be  caused  by 
different  blockaUe  effect  since  the  maximum,  correction 
could  be  within  11  per  cent  of  the  recorded  values. 
Consequently,  a  question  could  be  raised  about  the  effect 
of  the  probes  used  on  the  final  outcome  of  the  shearin(i  forces, 
i.  e.,  the  applicability  of  indirect  devices  on  cylinder 
surface. 
Depooter  et  al  (244)  showed  Wat  the  boundary  layer  fence 
could  be  useful  in  those  cases  where  there  is  no  longitudiaal 
pressure  gradient.  However,  round  a  cylinder  in  a  cross 
flow  a  large  pressure  gradient  exists  and  the  flow  picture 
is  expected  to  be  quite  different  than  on  a  flat  plate. 
Patel  (4)  indicated  that  the  readings  of  the  boundary  layer 
fence  were  affected  by  a  pressure  gradient  but  to  a  lesser 
degree  than  the  corresponding  surface  tube  readings.  These 
observations  show  that,  in  a  large  pressure  gradient,,  the 
readings  of  the  boundary  layer  fence  and  the  surface  tube 
might  be  appreciably  in  error.  Indeed,  it  was  reported 
by  Achenbach  (176)  that  the  results  obtained  using  surface 
tubes  and  boundary,  layer-fance.  were  too  low. 
TABLE'  7.1. 
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TABLL  7.1 
Author  L/D  D/X  T.  L.  % 
Fage  (41)  16  0.06 
Giedt  (43)  10  0.11  1. 
Achenbach  (176)  3.3  0.16  0.7 
Zingzda  et  al  (47)  2  0.25  - 
Present  5  0.22  1.2 
Froin  the  above  discussion,,  the  main  conclusion  reached  was 
the  doubt  as  to  the  usefulness  of  the  indirect  measuring 
techniques  in  estimating  the  wall  shear  stress  on  the 
cylinder  circumference  where  large  pressure  gradient  does 
exist. 
Figure  7.3  shows  the  effect  of  changing  the  cylinder's 
surface  nature  on  the  normal  pressure  distribution  around 
its  circumference.  In  figure  7.4.  the  present  pressure 
coefficients  are  compared  with  those  of  Morsy  (57)  and 
Achenbach  (80).  From  these  figuresl  the  pressure  drag  is 
calculated  and  given  in  Table  7.2. 
TABLE  7.2 
Author  Re  x  10-5  KD  (Smooth) 
0.27  0,92 
Present  0,47  0.95 
0.7  0191 
Ref.  (57)  0,3  1.29 
0,46  1.18 
Raf.  (80)  1.  1.12 
KD  (Rough) 
1.03)  Xa 
-5  1.08)  --  53  x  10 
1.03  )D 
K 
0.75)  --1  =  450  x  16-5  D 
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The  present  results  (corrected  for  the  blockage  effect)  show 
a  slight  increase  in  the  pressure  drag  (KD)  with  the  natural 
roughness  of  the  porous  surface.  In  general,  these  results 
agreed  with  the  values  obtained  from  the  analysis  of  the 
data  reported  by  Fage  and  Warsap  as  shown  in  Figure  9.  in 
Reference  number  80.  The  reduction  in  the  pressure  drag 
with  the  rough  surface  reported  by  Achenbach  (80)  might  be 
due  to  the  fact  that  his  measurements  were  in  the 
neighbourhood  of  the  critical  range  where  large  changes  in 
the  pressure  drag  are  expected. 
Figures  7.5,7.6  and  7.7  demonstrate  the  present  results 
for  "rough"  and  *Smooth"  test  cylinders  together  with  those 
of  references  57  and  80.  These  figures  show  the  wall 
shear  stress  factor  Kf  versus  angle  e  measured  from  the 
forward  stagnation  point, 
The  general  trend  of  the  present  results  of  Xf  values  is 
similar  to  that  noticed  by  other  investigators.  Magnitudewiser 
however,  the  similarity  was  not  that  clear.  The  similarity 
between  the  presented  data  lies  mainly  at  the  FSP  where  K  f 
starts  from  zero  value  and  at  the  separation  point  where  Xf 
was  reduced  to  zero  value.  However,  Morsy's  data  in 
figures  7.5  and  7.6.  did  not  show  a  drop  in  Xf  to  zero  value 
in  the  separation  region,  Instead#  positive  shear  stress 
was  recorded  all  the  way  up  to  the  rear  stagnation  point 
which  Morsy  attributed  to  the  small  values  of  Re  used  and 
that  negative  values  of  Kf  at  the  back  half  of  the  cylinder 
could  be  obtained  if  Reynolds  number  is  raised  to  107,000. 
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By  placing  a  p6rforated  copper  plate  on  the  mid  section  of  his 
cylinder,  ,  Iorsy  reported  that  the  roughness  caused  by  the 
drilled.  lioles,,  0.76  rm  diameter  and  6.35  mi  apart,  resulted 
in  a  zero  value  of  Kf  at  separation  point.  On  the  rear  of 
the  cylindert  after  separation,  negative  Kf  values  were 
reported  which  changed  to  positive  from  6=  125  0 
up  to 
0=  180  from  FSP. 
In  fact,,  the  trend  of  neasurerients  obtained  on  the  rear  of 
the  smooth  cylinder  by  11orsy  (57)  is  in  complete  disagreement 
with  the  observations  of  other  investigators  and  the 
positive  Kf  on  the  rear  part  of  the  cylinder  seeii-is, 
Luirealistic.  For  example,  the  negative  or  the  reversed 
flow  notion  on  the  rear  of  a  cylinder  in  cross  flow  was 
noticed  as  early  as  in  1931  (145)  and  for  Reynolds  numbers 
as  low  as  25 
. 
(149).  this  point  is  explained  in  detail  in 
section  4.2.2.  Furthermore,  the  available  literature  shows 
that  negative  wall  shear  stress  in  the  circulation  region 
was  recorded  for  Reynolds  niuibler  equal  to  29,000  by  Zingzda 
et  al  (47). 
It  is  possible  to  notice  that  the  present  measurei-ients 
agreed,  trendwisel  with  those  observed  by  Achenbach  (80, 
176).  However,  there  is  a  considerable  difference  in  the 
recorded  values  of  K  fo  That  might  be  due  to  the  difference 
between  the  devices  used  in  each  case.  As  mentioned 
earlier,  Achenbach  reported  that  the  results  realised  by 
the  boundary  layer  fence  were  too  low  (176).  Since 
Achenbach's  lowesb  Reynolds  number,,  for  the  shear  stress 
measureraentse  was  100,000,  the  corresponding  reported  results 
are/... 212. 
are  presented  il  Figure  7.7  for  comparison. 
The  present  results  generally  speaking,  feature  the 
following  points.  First,,  the  peak  in  the  Kf  distribution 
was  higher  for  the  rough  cylinder  surface  than  for  the 
smooth  one.  Second,  the  peak  was  slightly  moved  towards 
the  rear  of  the  cylinder  for  the  rough  surface.  The 
separation  point  is  not  significantly  influenced  by  the 
present  changes  in  the  surface  nature,,  neither  were  the 
recorded  values  beyond  the  separation  point  significantly 
varied  for  the  present  conditions. 
The  shear  stress  contribution  to  the  total  drag  accordlinq 
to  ex,  pression  7.4  and  results  are  shown  in  Table  7.3. 
TABLE  7.3 
AUthor  Re  x  10  -5  CP  (SnLooth)  x  10  3 
CF  (Rough)  x_10 
0.27  8.2  15.8 
Present  0.47  13.4  20.8 
o.  7  21.7  29.4 
0.3  30  29 
Ref.  (57)  0.46  23  20 
Ref.  (80,176)  1.  8.2  16.1 
From  this  table  together  with  Table  7.2,,  it  is  noticeable 
that  the  percentage  contribution  of  surface  friction  to  the 
total  drag  of  a  cylinder  in  cross-ficn-i  is  quite  small. 
With  a  smooth  surfacer-thisýanourxts,  to  about  0.7  per  cent 
of  the  total  drag  at  Re  =  27,000  and  it  becomes  1.8  per  cent 
at/.  ..  - 213. 
at  Re  =  701,000*  For  rough  surfacesl  the  percentage 
contribution  ranges  from  1  to  2  per  cent  for  the  Reynolds 
number  range  tested.  These  are  shown  in  figure  7.8. 
Morsy  (57).,,  from  graphical  integration  of  his  Kf-6 
disttibutionst  suggested  that  the  average  skin  friction 
coefficient  was  about  30  per  cent  higher  for  the  'rough' 
surface  than  the  smooth  one.  Reprocessing  Horsy's  data, 
according  to  expression-7.4  and  tabulated  in  Table  7.3, 
the  results  showed  that  CF  was,  in  fact,  decreasing  for 
-  the  "rough"  surface  and  less  than  that  for  the  smooth 
surface  ones.  On  the  other  hand  the  increase  in  the  CF 
value  due  to  roughness  effect  noticed  in  the  present  work 
is  similar  to  the  observations  noticed  by  Achenbach  as 
shown  in  Table  7.3. 
It  is  worth  mentioning  here,  that  the  output  signal  from 
the  servo  force-balance  was  subjected  to  high  oscillations 
on  the  rear  of  the  cylinder  and,  in  particular,  near  the 
flow  separation  point.  The  observations  near  this  area 
suggested  that  there  might  be  a  separation  region  rather 
than  a  flow  separation  point. 
In  the  beginning,  it  was  thought  that  this  might  be  due  to 
the  "finite"  width  of  the  drag  piece  which  subtended  an  angle 
of  about  Ae  =3  degrees  at  the  axis  of  the  cylinder.  But 
such  oscillations  were  also  noticed  by  other  investigators. 
Hurley  and  Thwaites  (67)  indicated  that  such  phenomena  is 
possible  in  a  laminar  boundary  layer. 
IndeOd/.., 14. 
Indeed  these  os-cillations  could  be  attributed  to  the 
influence  of  the  shedding  of  vortices  that  took  place  at 
the  rear  of  the  cylinder.  Boulos  and  Pei  (85)  noticed 
a  pronounced  periodicity  in  the  heat  transfer  rate,,  at  the 
separation  point  which  has  a  frequency  equal  to  the  vortex 
shedding  frequency  at  the  back  of  the  cylinder.  Their 
observations  showed  clearly  that  the  flow  separation  point 
was  continuously  oscillating  over  an  arc  of  10  degrees 
over  the  cylinder  surface.  This  point  is  e;:  plained  further 
in  section  9.4.2.1. 
One  of  the  noticeable  features  of  the  shear  stress 
distributions  is  the  non  zero  magnitudes  at  0=  180  0 
measured  from  the  FSP.  Similar  observations  are  reported 
by  Zingzda  et  al  (47)  using  a  boundary  layer  fence  as  a  shear 
stress  probe..  Indeed  this  should  not  be  the  case  if  this 
position,  0  180  0,  on  the  cylinder  surface  was  the  rear 
stagnation  point  of  the  flow. 
However,  this  phenomena  could  be  explained,  following 
Pankhurst  and  Thwaites  (68),  by  assuming  that  the  rear 
stagnation  point  was  away  from  the  cylinder.  According  to 
Schwabe  (83),  there  might  be  a  pressure  minimum  between  the 
rear  stagnation  point  at  the  cylinder  surface  and  this 
free  stagnation  point.  Moreover,  this  free  stagnation 
point  could  be  unstable  due  to  the  shedding  of  the  vortices 
from  the  rear  of  the  cylinder  together  with  the  tendency  for 
disturbances  to  be  amplified  in  a  region  of  rising  pressure. 
7.2.4.  / 
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7.2.4.  Turbunnce  level  cffect: 
7.2.4.1.  Turbulence  level  in  cross  flow 
In  a  tubular  heat  exchanger,  when  shell  side  fluid 
flows  with  realistic  values  of  Reynolds  number,  some  degree 
of  turbulence  will  be  present.  These  may  be  generated  in 
one  or  more  of  a  number  of  ways  and  the  magnitude  of  flow 
fluctuations  involved  are  dependent  to  some  extent  on  t1he 
flow  velocities  encountered. 
One  source  of  turbulence  is  that  of  normal  turbulent  flow 
when  the  flow  Reynolds  number  exceeds  a  value  which  depends 
on  the  shape  of  the  channel  through  which  the  fluid  is 
flowing.  For  example,  upstream  oll:  a  tube  bank,  Much  of  the 
turbulence  raay  be  of  this  type.  Within  the  tube  bank, 
separation  of  the  boundary  layer  that  built  up  on  an 
obstacle,  presents  the  major  source  of  turbulence  inside 
the  bank.  Alsoj,  turbulence  is  generated  at  abrupt  changes 
in  the  flow  cross  section,  e.  g.,  at  entry  to  the  shell. 
Therefore,  it  is  obvious  that  a  study  of  the  effect  of  turbulence 
intensity  on  cross  flow  characteristics  around  circular 
cylinders  seems  relevant  to  the  present  work  since  it  was 
designed  to  study  the  influence  of  different  parameters 
normally  encountered  in  heat  exchangers  in  general  and  in 
vertical  tube  condensers  in  particular. 
A  study  of  the  effect  of  turbulence  on  the  flow  around  a 
circular  cylinder,  from  observations  taken  in  wind  tunnels, 
should  be  based  on,  a  comparison  between  the  flow 
characteristics  measured  in  tunnel  streams  which  have  been 
purposely/... 216  . 
purposely  disturbed  with  those  measured  in  the  ordinary 
undisturbed  strew. 
Artificial  turbulence  was  produced  by  introducing  a  turbulence 
generator  such  as  a  rope  netting  or  wire  screen  upstream  of 
the  test  cylinder  at  such  a  distance  that  the  flow  through 
the  generator  is  not  influenced  by  the  presence  of  the  model. 
A  small  fraction  of  the  generated  turbulent  energy  is 
dissipated  at  a  given  distance  behind  the  generator. 
Since  disturbances  in  the  vicinity  of  a  body  dininisn  in 
intensity  down  its  length,  these  can  only  be  regardeý,  I  as 
reasonably  uniform  when  the  model  length  is  si,,  iall  cuLipared 
with  the  distance  behind  the  generator. 
7.2.4.2.  Experimental  procedure 
Data  was  taken  first  with  a  16  mesh  damping  screen 
placed  upstream  of  the  viind  tunnel,  attached  to  the  bell 
shaped  intake  to  decrease  the  turbulent  fluctuations 
occurring  in  the  nornal  tunnel  stream. 
A  constant  temperature  hot  wire  anemometer  was  used  to  measure 
the  turbulence  intensity  in  the  incoming  air  stream  to  the 
working  section.  Turbulence  intensity  of  the  incident 
undisturbed  stream  was  estimated  at  a  location,  more  than 
1.5  cylinder  diameters  upstream  of  the  test  cylinder  FSP, 
since  at  this  distance  the  turbulence  level  might  have  just 
begun  to  be  affected  by  the  presence  of  the  cylinder  model 
(157).  The  estimated-turbulence  level  of  the  air  stream 
(rms  stream  wise  component  relative  to  free  stream  velocity) 
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was  about  1.2%. 
Thereafter,,  the  turbulence  intensity  was  artificially 
increased  in  the  flowing  airstream  by  inserting  a  turbulence 
generator,  i.  e.,  the  heater  banks,  explained  in  section  5.2.8.2., 
upstream  of  the  test  cylinder  with  the  plane  of  the  generator 
nornal  to  the  flow  direction.  This  generator  consisted  of 
spiral  coils  141  mm,  diameter  which  were  wound  from  2  mm 
diameter  wire.  The  cylinder's  leading  edge  was  1040  mm 
downstrean.  the  generator  and  the  estimated  turbulence  intensity 
in  this  case  was  in  the  order  of  6%. 
Turbulence  intensity  variations  across  the  working  section 
were  shown  in  figure  5.  It  is  clear  that  in  the  central 
part  of  the  test  section,  the  change  in  the  recorded  level 
of  turbulence.  is  not  significant  and  it  increases  slowly 
towards  thý  side  walls  of  the  tunnel  with  a  rapid  increase 
in  the  boundary  region. 
7.2.4.3.  Results  and  discussion 
Under  conditions  of  high  strean.  turbulence  level, 
the  structure  of  the  flow  field  would  be  expected  to  be 
quite  different  with  and  without  inposed  turbulence. 
Data  showing  the  distribution  of  normal  pressure  for  two 
surface  conditions,  explained  in  section  7.2.3.1.  under 
two  turbulence  levels  of  the  incident  flcni  is  presented  in 
figure  7.9  for  Re  =  27jO00.  Figure  7.10  shows  the  wall 
shear  stress  measurements  corresponding  to  the  flow 
conditions  in  figure  7.9. 
f 
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The  data  shoTas  that  tll(--  ef  f  ect  of  T.  L.  on  the  pressure 
coefficient  distribution  is  not  significant.  Figure  7.10 
SIIO%7S  that  increasing  the  T.  L.  caused  an  increase  in  the 
skin  friction  on  both  surface  conditionsi  smooth  and  rough. 
Variations  in  the  Kf  values  were  quite  small  in  the  region 
from  the  FSP  to  about  6=  30  degrees.  The  peak  of  the  Kf 
distribution  was  displaced  at  a  higher  value  towards  the 
flow  separation  point  by  increasing  the  turbulence  intensity. 
Due  to  the  lack  of  a  fixed  separation  point,  at  any 
particular  condition,  the  influence  of  increasing  the  T.  L. 
on  the  flow  separation  was  difficult  to  determine. 
Figure  7.11  shows  the  normal  pressure  distribution  on  the 
present  "rougli"  surface  for  two  Reynolds  nurmbers  at  the  two 
turbulence  levels  investigated.  From  the  FSP  up  to  6u  60  01 
variations  in*CP  values  are  quite  smally  and  within  the  accuracy 
of  the  measurements,  data  in  that  region  collapses  on  one 
curve.  At  the  rear  of  the  cylinder,  however,  it  seegis  that 
the  increased  turbulence  level  caused  the  back  pressure  to 
increase  and  consequently  the  pressure  drag  (uncorrected  for 
blockage  effect)  was  reduced  as  shown  in  Table  7.4. 
Figure  7.12  shows  the  wall  shear  stress  simultaneously 
measured  with  data  of  figure  7.11.  Up  to  8=  400  from  the 
FSPj,  changes  in  Kf  values  are  not  significant,  thereafter 
the  local  values  of  Kf  were  increased  by  increasing  the 
turbulencýe  intensity. 
Figures  7.13,  and  7.14  snow-a  cmparison  between  the  present 
results  and  those  of,  Fage,  (23).  and  Giedt  (43)i,  The  present 
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turbulence  intensities  were  1.2  and  6  per  cent,  those  of 
Giedt  were  1  and  4  per  cent  and  Fage  did  not  specify  the 
turbulence  level  in  his  tunnel. 
TABLE  7.4 
Re_5 
Author  x  10  KD  CF 
1,2  6  1.2  614n.  s.  br. 
Present 
(0.47  1.3  1.05  13.4  17.3 
(0.7  1.16  0.85  21.6  23 
Fage  (23)  o.  6  10.6  17.2 
Giedt  (43)  0.9  11  13.6 
Both  Fage  and  Giedt  used  surface  tubes  as  shear  stress  probes, 
thus  th  ey  were  able  to  measure  Kf  values  only  up  to  the  flow 
separation  point.  Due  to  the  nature  of  these  probes,  they 
recorded  no  measurements  in  the  circulation  region  or  at 
the  very  front  of  the  cylinder  (23).  In  fact,  Giedt  (43) 
recorded  negative  values  for  Kf  in  the  neighbourhood  of  the 
FSP  up  to  0=80.  with  4  per  cent  turbulence  intensity. 
As  these  were  unrealistic  measurementst  Giedt  omitted  data 
recorded  in  this  region. 
I 
The  general  trend  shown  in  the  presented  results  is  that, 
for  a  certain  flow  rate#  increasing  the  turbulence  intensity 
causes  an  increase  in  the  local  wall  shear  stress  as 
demonstrated  in  Table  7.4.  However,  there  is  a  disagreement, 
as  far  as  the  absolute  values  are  concerned#  between  the 
results  presented  in  that  table.  This  disparity  could  be 
mainly  attributed  to  the  difference  in  the  measuring 
techniques  used  in  each  investigation  and  length  to  diameter 
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7.3.  Staqýoreel  tube  bank  experipental  results: 
7.3.1.  Cross  flow  around  a  cylinder  in  a  tube  bank 
flow  around  a  circular  cylinder  in  a  tube  bank  is 
influenced  by  the  presence  of  other  cylinders  in  its 
neighbourhood  (besides  other  factors)  and  this  is  normally 
dependent  upon  the  pitch  to  diameter  ratio  used.  This 
ratio,  in  practice,  is  usually  not  less  than  1.25  to  avoid 
excessive  pressure  drop  and  to  give  access  to  mechanically 
clean  the  outside  surface  of  the  tubes  inside  the  bank. 
The  pitch  ratio  is  normally  not  i:  iore  than  1.75  in  order  to 
avoid  reduction  of  the  flow  velocity  which  plays  a  role 
in  the  thermal  characteristics  of  the  shell  side  fluid 
through  the  tube  bank,  Larger  pitch  ratios  usually  lead 
to  a  higher  cost  cEthe  heat  exchanger  and  a  larger  area  for 
its  installation. 
A  literature  survey  showed  that,  although  some  work  has  been 
done  on  the  flow  within  tube  banks,  e.  g.,  references  numbers 
57,234,235,236,  the  picture  inside  the  tube  bank 
con.  figuration  is  by  no  means  complete  and  called  for  more 
investigations  in  this  direction.  Therefore,  it  was 
decided  to  carryout  a  detailed  study  for  the  flow 
parameters  in  a  tube  bank  that  would  normally  be  used  in 
practice.  The  choice  settled  down  to  a  staggered  tube  bank 
with  equal  pitch  ratios  of  1.5#  since  this  was  an  intermediate 
value  between  the  pitch  limits  mentioned  earlier.  - 
It  was  a  seven  rows  deep  equally  spaced#  transverse  and 
longitudinal  pitchýratiop  with  the  instrumented  test  cylinder, 
used  in  section  7.2.  located  in  the  middle  of  a  transverse 
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row  of  three  tubes  in  the  working  section.  This  row 
was  followed  by  a  permanent  two  dunuay  rows  to  avoid  the 
effect  of  free  wakes,  encountored  in  the  case  of  single 
row  and  last  row  in  the  bank.  With  these  downstream 
conditions  unaltered,  the  row  containing  the  test  cylinder 
was  placed  at  different  depths  inside  the  bank  by 
changing  the  number  of  the  dummy  rows  in  its  upstrearn 
direction. 
The  flow  conditions  upstream  the  tube  bank  were  the  same  as 
for  single  cylinder  experiments  (section  7.2.4)  with  the 
heater  banks  used  as  a  turbulence  generator  and  the 
estimated  turbulence  intensity  for  the  undisturbed  stream 
about  6  per  cent  at  the  mid  height  of  the  entrance  to  the 
working  section. 
Flow  parw.  ieters  such  as  local  values  of  normal  pressure 
and  wall  shear  stress  around  the  test  cylinder  were  carried 
out  simultaneously,  similar  to  that  for  single  cylinder 
section  7.21  in  5  degree  steps  around  the  cylinder 
circumference  starting  from  0=00  to  180  0 
iieasured  from 
the  FSP.  Some  checks  were  made  and  measurements  were 
done  over  the  whole  cylinder  circumference  with  no 
significant  difference  observed  between  the  two.  halvea  of 
the  cylinder.  This  was  repeated  for  each  row  over  the 
Reynolds  numbers  investigated.  Then  the  row  containing 
the  instrumented  cylinder  was  located  at  each  one  of  the 
successive  rovis,  from  first  to  fifth  row  in  the  bank,  and 
taeasurenents  were'carried  out  for  each  row  accordingly. 
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7.3.2.  Proceduie  and  reduction  of  observations 
For  studies  of  cross  flow  within  a  tube  bank,  the 
dimensiopless  presentation  of  the  local  values  of  pressure 
coefficient  (CP)  and  wall  shear  stress  (K 
f) 
for  different 
rows  in  the  depth  of  the  bank,  cannot  be  carried  out  in  the 
same  way  as  that  used  for  single  cylinders.  This  is  simply 
due  to  the  fact  that  there  is  no  undisturbed  flow  upstreara 
of  the  internal  rows  in  the  bank  to  which  the  flow  parameters 
could  be  correlated. 
Two  ways,  however,,  are  used  in  the  literature  for  presenting 
the  dimensionless  normal  pressure  distribution  for  different 
rows  in  the  tube  bailk.  The  first  of  tilese,,  is  that  described 
by  Achenbach  (234)  who  defined  a  hypothetical  dynamic 
pressure  based  on  a  maximum  flow  velocity,  U 
II.  qax  ,  calculated 
from  the  mass  flow  through  the  smallest  free  area.  As  a 
result,  the  local  pressure  coefficient  at  angle  0  from,  the 
FSP  will  be  : 
CP 
Pe 
=o-p6 
ýp  %aX2 
7.7. 
This  choice  of  the  reference  velocity,  however,  allows  no 
conparison  between  various  rows  in  the  tube  bank  since 
velocity  variations  through  the  depth  of  the  bank  are  not 
taken  into  account,  Indeed,  flow  velocity  variations 
along  the  tube  bank  were  confirmed  from  the  investigations 
carried  out  by  Pearce  (104). 
The  second  way  of  presenting  the  pressure  coefficient  for 
different  rows  in  the  tube  bank  is  that  used  by  Morsy  (57). 
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For  an  arbitrary  row  in  the  bank,  the  flow  velocity  head 
was  measured  from  the  pressure  rise  at  the  front  stacnation 
point,  for  a  cylinder  in  this  rovi,  referred  to  the  wall 
istatic  pressure  measured  in  the  longitudinal  gap  between 
this  row  and  the  preceding  one.  The  wall  pressure 
tappings  were  located  at  about  0.2  D  upstream  of  the  row  in 
hand  and  the  final  approach  velocity  to  this  row  was  obtained 
by  multiplying  that  pressure  rise  by  a  factor  of  1.15. 
Since  there  is  no  apparent  justification  for  the  figures 
and  factors  used  by  Morsy,  it  was  decided  to  adopt  an 
alternative  approach  for  the  non-dimensional  presentation 
of  the  normal  pressure  in  different  rows  in  the  bank.  The 
method  used  here  is  similar,  in  principle,  to  that  of  a 
single  cylinder,  i.  e.  r 
CP  0p0-pw 
h  pu 
a2 
7.8. 
This  method  allowed  the  changes  of  the  flow  velocity  inside 
the  tube  bank  to  be  accounted  for;  in  addition,  no  correction 
factors  were  needed  for  the  presentation  of  the  pressure 
coefficient. 
Where  PW  is  the  wake  pressure  in  the  preceding  row  measured 
at  the  rear  of  cylinder  in  that  row.  Ua  is  the  approach 
velocity  to  the  row  in  hand  which  brings  the  value  of  CP 
to  be  equal  unity  at  e  o. 
For  the  first  row  in  the  bank,  the  approach  velocity  was  that 
q 
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of  the  main  strewa  corrected  for  the  blockage  effect  using 
the  fomula  of  Allen  and  Vincenti  (78)  as  shown  in  section 
5.2.7. 
Based  on  the  estinated  approach  velocity,  the  local  wall 
shear  stress  is  presented  in  the  following  dirae.,  asionless 
fom,: 
Ua  7.9. 
The  contribution  of  the  pressure  drag  and  shear  stress  to 
the  total  drag  are  estimated  by  integrating  the  local  values 
according  to  expressions  7.2  and  7.4  respectively. 
7.3.3.  Results  and  discussion 
The  distribution  of  wall  shear  stress  (K  f)  and 
nornal  pressure  coefficient  (CP)  around  a  cylinder  in  the 
1st,  2nd,  3rd,  4th  and  Sth  row  in  the  bank  is  shown  in 
figures  7.15,7.16t  7.17,7.18  and  7.19  respectively.  The 
change  in  the  flow  characteristics  from  one  row  to  another 
is  quite  noticeable. 
in  the  first  row,  pressure  coefficient  around  the  test 
cylinder  drops  quite  rapidly  frora  its  unity  value  at  the  FSP 
to  reach  a  minimum  value,  at  e=  85  0.  which  depends  slightly 
on  the  Reynol4s  number  used.  Whereas  the  peak  of  the  Kf 
distribution  is  located  at  about  0=  70  0 
and  its  valuetoo,, 
depends  on  the  value  of  the,  flow  Reynolds  nutaber.  increasing 
Re  value  for  this  row  results  in  an  increase  in  the  shear 
stress  and  the  negative  pressure  coefficient  as  well. 
k". 
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Figure  7.15a  shovis  that  the  Y%  f  distribution  indicates  that  the 
flow  separation  occurs  at  about  100  degrees  from  FSP.  Tile 
CP  distribution,  on  tile  other  hand,  Figure  7.15b,  sl-iows  a 
slight  inflection  at  0=  100  0  and  instead  of  having  a  zero 
gradient  on  the  rear  of  the  cylinder,  as  normally  expected 
after  separation  occurs,  tile  back  pressure  increased  slightly 
and  then  decreased  until  it  reached  6=  160  0  where  it 
0 
continued  with  constant  value  up  to  0=  180  This  change 
in  the  flow  characteristics  between  6=  100  0 
and,  160o  is 
also  shown  in  the  corresponding  Kf  distribution  in  Figure 
7.15a.  This  figure  shows  that,  after  the  flow  was  almost 
separated  at  100  0r  it  reaches  again  to  the  surface, 
indicated  through  the  positive  Kf  values  recorded,  and  it 
finally  separates  at  6=  160  0  where  Kf  recorded  signal  is 
zero.  These  figures  indicate  that  the  flow  on  the  first 
-row  may  resemble  that  around  a  single  cylinder  and  the 
measurements  were  sirailar  to  those  of  a  single  cylinder  in 
the  critical  range  of  Re-vnolds  number.  .A 
In  the  second  row,  flow  characteristics  are  markedly 
different  from  those  on  the  first  row.  Figure  7.16  shows 
that  the  CP  values  drop  from  unity  at  FSP,  with  less  steep 
gradient  compared  with  first  row,  to  reach  a  minimuia  at  a 
position  which  depends  on  the  Reynolds  number  used.  At 
Re  =  761000F  the  Kf  reaches  its  maximum  value  at 
.0= 
30  0 
while  the  point  of  minitium  pressure  lies  at  about  0=  70 
degrees.  After  Kf  drops  frora  its  peak  at  e=  30  0  to 
e=  60  0  the  distribution  flattened  out  in  a  region  of  a 
corresponding  flatfenin4  out  in  the  CP  distribution.  The 
rapid  change  in  CP  around  e  gs  0  is  followed  by  a  similar 
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change  in  the  Kf  distribution  and  flow  separation,  X  0j, 
seems  to  occur  at  6=  130  0  with  small  variations  on  the  rear 
of  the  cylinder. 
Increasing  the  RejInq 
minimum  CP  obtained 
of  the  cylinder  and 
degrees  from  FSP. 
drops  slightly  from 
: )lds  number  m 
together  with 
an  inflection 
This  is  shown 
its  peak.  at  e 
sults  in  an  increase  in  the 
a  shift  towards  the  rear 
point  at  about  0=  50 
in  Figure  7.16a,  the  Kf 
=  30  0  until  it  reaches 
0=  50  0  where  a  change  in  the  gradient  occurs  and  a  second 
peak  is  recorded  at  about  0=  70  0.  from  which  a  rapid  drop 
followed  with  a  gentle  drop  occurs  until  0=  120  0  is 
reached.  Afterwards,  the  Kf  distribution  continues  with  a 
small  positive  value  and  the  flow,  eventually,  separates 
nearby  the  rear  stagnation  point.  These  changes  are  also 
clear  in  the  qP  -6  distribution,  figure  7.16b,  where  the 
distributioý  continues,  however,  with  small  gradient,  up  to 
the  rear  of  the  test  cylinder. 
Figure  7.17  shows  the  flow  characteristics  around  a  cylinder 
in  the  third  row  of  the  tube  bank.  This  figure  demonstrates 
the  change  in  the  pressure  coefficient  and  its  drop  from 
the  unity  value  at  FSP  to  reach  the  point  of  minimum  pressure 
at  about  e=  85  0 
with  a  tendency  of  some  recovery  on  the 
rear  of  the  cylinder  until  the  flcni  eventually  separates  and 
0  the.  region  of  uniform  pressure  is  reached  at  about  6.  =  120 
The  same  features  are,  also  clear  in  the  corresponding 
measurements  of  the  wall  shear  stress.  At  Re  =  60#000,  the 
Kf  value  increasesfrom  its  zero  magnitude  at  FSP,  with  high 
rate,  until  6=  30  0  and  then  with  a  smaller  rate  it  reaches 
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0=  70  0  where  if  starts  to  drop  until  flow  is  separated 
0 
around  6=  100  Downstream  of  the  separation  region,  the 
rear  of  the  cylinder  is  occupied  by  a  circulation  region 
0 
which  covers  the  rest  of  the  cylinder  surface  up  to  6=  180 
Increasing  the  flow  Reynolds  number  across  the  third  row  caused 
the  point  of  minimum  pressure  to  acquire  a  higher  negative 
value.  However,  the  contrast  pressure  region  on  the  back 
of  the  cylinder  was  not  significantly  changed.  On  the  other 
hand,,  increasing  the  Reynolds  number  caused  the  Kf=0 
distribution  to  be  more  uniform  with  a  single  peak  at  about 
0=  70  0  while  the  downstrema  part  of  the  distribution 
remained  unchanged  and  the  f  low  separation  was  at  0=  1000. 
A  conparison  between  figures  7.18  and  7.19  illustrates  that, 
cylinders  in  the  fourth  and  fifth  rows  have  very  similar 
flow  charactejýistics  to  each  other.  On  these  rows, 
pressure  drops  steadily  from  its  maximum  at  the  FSP  to  reach 
its  nininum.  value  at  about  0=  85  0,  after  some  recovery,,  the 
flow  separates  fron  the  cylinder  surface  and  the  constant 
pressure  region  on  the.  cylinder  rear  starts  at  about  e=  130  00 
Of  the  shear  stress  measurements,  the  Kf  value  increased 
from  its  zero  magnitude  at  FSP  rapidly  until  e=  300,,  with 
an  inflection  point  at  e=  soO,  it  continued  with  a  high 
0 
rate  of  increase  up  to  6-  70  ,  Downstream  of  this  region, 
the  Kf  value  drops  to  reach  zero  and  thus  flow  separates  at 
about  0=  100  0  where  the  circulation  region  begins  to  grow 
until  it  covers  the  rear  of  the  cylinder,  with  its 
characteristic  feature  of  negative  wall  shear  stress 
indicating  the  reverse-of  the  flow  direction  in  this  region. 
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The  variations  6f  the  flow  velocity  approaching  different 
rows  in  the  tube  bank  is  shmm  in  figure  7.20.  This  f  igure 
indicatep  that  velocity  variations  occurred  mainly  in  the 
first  part  of  the  bank  while  from  the  fourth  row  onwards  the 
approach  velocity  reached  the  values  measured  at  the  first 
row  in  the  bank.  Indeed,  this  was  noticeable  also  froril 
the  sinilar  flow  distribution,  i.  e.,  CP  and  Nf,  experienced 
on  the  fourth  and  fifth  row  in  the  tube  bank.  These 
variations  along  the  depth  of  the  bank,  in  general,  are  in 
agreement  with  the  observations  of  Pearce  (104)  who  showed  that 
steady  flow  conditions  could  be  reached  frora  row  four 
onwards. 
The  change  in  the  pressure  drag  encountered  by  the  flowing 
air  stream  over  different  rows  in  the  tube  bank  is  shown  in 
figure  7.21. 
. 
In  general,  the  pressure  drag  decreases  with 
increasing  the  Reynolds  nun-J)er  and  data  for  single  cylinders 
is  presented  in  this  figure  for  comparison. 
Due  to  the  high  acceleration  of  the  incoming  uniform  flow 
while  passing  over  the  first  row  with  the  associated  large 
pressure  gradient,  the  pressure  drag  encountered  on  the  first 
row  is  quite  high.  Its  value  is  about  five  times  that 
encountered  on  a  single  cylinder  under  similar  undisturbed 
f  low  conditions. 
On  the  other  hand,  the  second  row  offers  the  smallest 
pressure  drag  in  the  bank.  This  is  because  of  the  snall 
negative  pressure  on  the  back  of  cylinders  in  that  row  which 
is  probably  due  to  the  insufficient  width  of  the  jet  excierging 
rom/.  .a 229,  . 
from  the  transverse  gap  between  cylinders  in  the  first 
row,  compared  to  the  cylinder  di  ame  ter. 
Because  of  the  flow  retardation  after  passing  over  the 
second  row,  it  is  possible  that  some  pressure  gain  could 
happen  over  the  rear  of  cylinders  in  this  row.  In  fact, 
negative  pressure  drag  over  the  second  row  is  reported  by 
Morsy  (57).  Since  that  means  that  there  is  not  only  a 
pressure  recovery  but  also  an  increase  in  the  pressure  of 
the  main  flow,  a  result  which  is  very  interesting,  those 
pressure  drag  results  were  recalculated.  From  Morsy's 
original  pressure  distributions,  the  pressure  drag  was 
calculated,  according  to  expression  7.2,  and  results  sliuwed 
that  the  pressure  drag  acquires  a  small  positive  rather 
than  negative  values.  This  shows  that  the  flow  experienced, 
however  sraallj,  some  pressure  drop  in  passing  over  the 
second  row  in  the  tube  bank  as  well. 
It  is  possible  to  assurae  that,  although  the  flow  was  highly 
retarded  over  the  second  row,  the  retardation  is  almost 
complete  over  the  third  row  in  the  tube  bank  used. 
Moreover,,  the  apparent  steadiness  of  the  flow  after  passing 
over  the  third  row  night  be  due  to  the  turbulence  caused  by 
preceding  rows  which  could  have  reached  some  maximun  value 
at  this  section  in  the  bank.  As  a  result,  similar  flow 
characteristics  were  obtained  on  the  fourth  and  fifth  tube 
rows.  Accordingly,  no  justification  was  found  for  going 
any  further  in  the  present  bank  deeper  than  the  fifth  row. 
I 
For  the  task  of  comparing  different  rows  behaviour  under 
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similar  f  loij  cOnu-itions,  data  are  (jrou,,.  )ed  for  each 
undisturbed  f  low  condition  and  results  are  shovri  in  figures 
7.2.21  7.2.3  and  7.24.  Although  effort  was  ilade  to  control 
the  flow  rate,  when  running  tests  from  row  to  row,  inevitably 
slight  differences  are  to  be  expected;  however,  these  were 
considered  within  the  accuracy  of  the  measurements  and  the 
nominal  values  of  the  Reynolds  number  were  used. 
From  these  figures  it  is  clear  that  the  largest  pressure 
gradient  in  the  tube  bank  occurs  in  cylinders  placed  in  the 
first  mi.  This  is  mainly  due  to  the  blockage  effect  of 
the  side  cylinders,  to  the  test  cylinder,  on  the  main 
incoming  air  stream.  As  tho  blockage  increases,  the 
velocity  around  the  cylinder,,  outside  the  boundary  layer, 
increases  and  the  pressure  distribution  changes  accordingly. 
Such  blockage  will  cause  flow  acceleration  in  the  transverse 
gap  between  cylinders  in  that  row  which  is  accompanied  by 
large  pressure  gradient  in  this  gap. 
In  fact  the  flow  around  cylinders  ilt-the  first  row  is  similar 
to  that  around  a  single  cylinder  in  cross  flow  under  similar 
blockage  restrictions.  These  observations  are  confirmed 
through  the  investigations  carried  out  by  Altelbaev  et  al 
(178)  who  measured  the  pressure  distribution  around  a  single 
cylinder  under  different  blockage  constraints. 
Figure  7.22b  shows  the  possible  effect  imposed  from  cylinders 
placed  in  tho  second  row  on  flow  distribution  around  those 
in  the.  first  row.  Accordinglys,  instead  of  having  a  constant 
pressure  on  the  rear  of  a,  cylinder  in  the  first  row  as 
expected/... 231. 
expected  from  týe  measurements  of  Akelbaev  et  al,  pressure 
started  to  drop  slightly  after  e=  130  0  gradually  until  it 
reached  the  rear  of  the  cylinder.  Increasing  the  Reynolds 
number,  e.  g.,  figures  7.23b,  7.24b,  the  back  pressure  at 
i 
the  cylinder  rear  gets  flattened  out.  Therefore, 
increasing  the  Re  values,  possibly,  results  in  wakes  with 
smaller  width  and  the  interference  of  cylinders  in  the 
second  row  into  the  flow  in  the  first  row  is  reduced. 
From  figure  7.22b,  it  is  noticeable  that  the  point  of 
minimum  pressure  for  the  five  rows,  except  the  second  row, 
lies  between  0=  85  0  and  90  0,  In  fact  it  was  sho-ýým  by 
Akelbaev  et  al  that  increasing  the  blockage  constraint, 
for  a  single  cylindert  from  0  to  0.8  causes  the  point  of 
minimum  pressure  to  be  displaced  from  0=  70  0  to  0=  90  0 
from  the  FSP. 
The  unique  characteristics  of  the  second  row  is  due  to  the 
fact  that,  a  cylinder  placed  in.  this  row  is  exposed  partly 
to  the  accelerated  r-iain  flow  emerging  from  the  gap  between 
adjacent  cylinders  in  the  first  row  at  its  front  portion. 
As  a  result,  the  flow  approaches  the  second  row  at  a  much 
higher  velocity  compared  with  that  approaching  the  first  row 
in  the  bank. 
As  far  as  the  flow  parameters  on  the  second  row  are-concerned, 
figure  7.22b  shows  that  the  point  of  minimum  pressure  lies 
somewhere  about  6-  70  0  while  the  maximum  shear  stress  lies 
at  0=30  0  from  FSP.  '  Increasing  the  Reynolds  number  causes 
the  point  of  minimun.  pressure  to  be  displaced  to  0=85  0-  90  0 
as/.  .9 232. 
. 
as  shown  in  figures  7.23b,  7.24b  and  the  shear  stress 
spreads  over  a  larger  portion  of  the  cylinder  surface  with 
a  second-peak  at  about  0=  70  0,  figure  7.23a.  Further 
increase  in  the  Reynolds  nimber  causes  the  second  peak  to 
acquire  higher  value  than  that  at  0=  30  0 
and  eventually 
the  second  row  joins  the  other  four  rows.  in  the  tube  bank 
with  their  points  of  rainimum  pressure  at  6=  850  -  900. 
The  available  approximate  solutions  for  the  lan.  inar  boundary 
layers  developed  by  Thom  (34)  and  by  Thwaites  (243)  were 
used  to  predict  the  shear  stress  around  the  frontal  part  of 
tlie  cylinder  at  different  rows  in  the  tube  banks.  This  was 
achieved  by  feeding  the  recorded  normal  pressure  distributions 
to  a  computer  programme  to  calculate  the  local  parameters 
needed  for  the  above  mentioned  theories. 
Experimental  wall  shear  stress  compared  with  the  predicted 
values  from  Thom's  and  Thwaites  theories  are  shown  in 
figures  7.25,7.26,7.27,7.28  and  7.29  for  lst,  2nd,  3rd,  4th 
and  5th  rows  respectively.  It  is  noticeable  that  the 
I  predicted  values  are  considerably  different  from  the  e.  xperim.  ental 
results,  fron,  row  to  rovi  along  the  depth  of  the  tube  bank. 
Since  the  flow  across  the-first  row  is  mainly  uniforia  in 
nature,  this  row  provides  the  best  possible  agreement,  con-pared 
to  other  rows,  between  the  predicted  and  measured  values, 
For  the  successive  rows,  in  general,  and  the  figure  7.25. 
-second  row;  in  particular,  the  difference  between  the  two 
results  is  very  hiýh  iAdeed. 233. 
It  is  obvious  tiat  this  sort  of  disagreenent  is  to  be  expected 
due  to  the  nature  of  these  two  theories  and  that  they  are 
mainly  based  on  laminar  layers  which  may  exist  on  the  surface 
of  a  single  cylinder  with  a  smooth  surface  and  placed  in  a 
nearly  turbulence  free  tunnel.  Deep  inside  the  tube  bank, 
e.  g.,  fourth  and  fifth  rows,  the  predicted  values  are  about 
40  to  50  per  cent  of  the  measured  wall  shear  stress.  Of 
course,  the  prediction  is  only  possible  on  the  front  of  the 
cylinder. 
7.4.  Total  Pressure  Dro2  in  the  tube  bank 
In  addition  to  the  detailed  study  of  the  flow 
characteristics  around  cylinders  in  different  rum  inside 
the  tube  bank,  the  total  pressure  drop  across  the  bank  with 
different  depth  was  also  measured. 
Total  pressure  drop  was  realised  by  measuring  the  pressure 
difference  between  two  stations,  the  first  station  was 
located  upstream  of  the  bank,  in  the  undisturbed  area,  by 
more  than  1.5  D  before  the  influence  of  the  blockage  begins 
(157).  The  second  station  was.  located  far  enough  downstream. 
of  the  bank  and  located  at  more  than  2L,  L  is  the  longitudinal 
pitch  ratio,  from  the  last  row  where  the  pressure  recovery  is 
almost  complete  (104).  'At  each  station  a  set  of  four  wall 
tappings  were  used,  one  on  each  side  of  the  rectangular 
working  sectiont  to  provide  the  average  pressure  at.  that 
station. 
Figure  1.30  shows  the  drag  coefficient,  presented  in  the  form 
of  Buler  numbert  referred  to  one  row  as  a  function  of  the 
Reynolds/,.. 234. 
Reynolds  number  based  on 
f  rce  area  in  the  bank. 
different  number  of  rows 
Data  for  single  cylinder 
with  a  transverse  pitch 
a  transverse  pitch  of  2,, 
comparison. 
the  f  low  velocity  in  the  minimum 
In  this  figure,  data  presented  for 
from  single  to  seven  row  bank. 
by  Stasjuljawitshius  et  al  (117) 
of  1.5  and  by  Achenbach  (235)  witii 
are  presented  in  that  figure  for 
The  results  indicate  that,  as  would  be  expected,  the 
shallower  the  We  bank  the  higher  the  drag  coefficient  per 
row  and  the  deeper  the  bank,  the  lower  the  drag  factor  per 
row.  Each  row  acts  as  an  artificial  turbulator  for  the 
succeeding  one.  After  flow  passes  across  a  certain  number  of 
rows,  this  effect  causes  stable  flow  conditions  to  be 
reached.  From  figure  7.30,  it  is  clear  that  flow  stability 
is  reached  frcxa  the  fourth  row  onwards.  There  is  no 
apparent  reason  for  the  higher  value  measured  by  Achenbach 
which  is  expected  to  be  lower,  due  to  its  larger  trwisverse 
pitch  ratio,  than  other  data  in  that  figure. 
visplacement  of  the  curves  towards  smaller  Reynolds  nurLber, 
for  bigger  nurd)er  of  rows,  is  attributed  to  the  increase  in 
the  amount  of  turbulence  that  occurs  with  increasing  the 
number  of  rows  in  the  bank.  Frorzi  the  present  worl:,,  however,, 
stable  conditions  set  in  at  about  the  fourth  row  onwards. 
In  order  to  facilitate  the  comparison  between  results  of 
suction  7.3  and  7.4,  it  is  assunied  that  the  middle  cylinder 
in  each  transverse'row  'in'the  bank  is  representative  of  all 
tubes  in  that  row.  While  this  is  not  strictly  true,,  due  to 
the/..  * 235. 
the  tunnel's  wall  effect,  it  is  considered  to  be  a 
reasonable  approximation  to  reality.  If  this  is  the  case, 
the  flow.  will  encounter  similar  resistance  around  all 
cylinders  in  any  particular  row. 
By  neglecting  the  effect  of  the  working  section  side 
walls,  the  percentage  of  momentum  loss  for  each  row  could 
be  computed  by  integrating  the  local  static  pressure  and 
wall  shear  stress  distributions  to  yield  the  contributions 
of  pressure  drag  and  shear  stress  respectively  to  the  total 
drag,  according  to  expressions  num]3cr  7.2  and  7.4.  The 
summation  of  these  two  contributions.  should  yield  the 
pressure  drop. 
Accordinglyr  the  pressure  drop  for  the  cross  flow  in  passing 
over  a  particular  row  in  the  bank  could  be  calculated  as 
follows: 
AP.  A.  =  (KD  +  CF).  hPU 
a2D. 
H.  N  7.1o. 
This  expression  was  applied  to  each  of  the  five  rows,, 
starting  from  the  first  row,  in  the  tube  baank  and  results 
are  correlated  with  the  Reynolds  number  based  on  the  velocity 
through  the  minimum  free'area.  The  calculated  outcome  of 
the  pressure  drop  in  N/h2  is  presented  in  figure  7.31 
compared  with  data  of  Achenbach  (234),  Jakob  (110),, 
Grimisson  (109)  and  Zuskawskas  (105). 
This  figure  shows  that-pressure  drop  per  row  decreases  as 
the  flow  moves  deeperthrough  the  bank.  It  is  also 
noticeable/ 236. 
noticeable  that  the  inteUrated  valucs  over  the  fifth  row, 
I.  I  as  a  limiting  curve  for  deep  exchangers  ,  are  jULjher  than 
those  calculated  from  the  total  pressure  drop  measurements  I)y 
about  tWenty  to  thirty  per  cent.  This  might  be  due  to  the 
difference  in  surface  conditions  for  both  cases,  since  the 
total  pressure  drop  was  measured  across  banks  of  smooth  surface 
cylinder  and  the  integrated  values  were  estimated  over  the 
porous  cylinder  whose  roughness  parw-tieter  K 
S/  equal  to 
53  x  10- 
5. 
(The  effect  of  this  rouchness  is  explained  in  j 
section  7.2.3). 
One  of  the  surprising  results  is  the  high  values  calculated 
for  the  first  row  in  the  present  tube  bank  coiapared  with 
those  reported  by  Achenbach  (234).  The  reason  for  this 
sort  of  difference  might  be  due  to  the  difference  in  the 
transverse  pitch  used  in  each  investigation. 
7.5.  Concluding  Remarks 
Comparison  between  the  present  data  on  a  single 
smooth  surface?  cylinder  with  the  available  literature 
showed  thaý  the  present  developed  device  for  measuring  the 
wall  shear  stress  is  adequate  for  the  planned  project. 
Moreover,  as  far  as  the  time  factor  is  concerned,  the 
device  is  superior  to  other  devices  and  quick  in  providing 
accurate  estimation  for  the  shearing  forces  on  the 
cylindrical  surface. 
ýA.  Single  cylinder  experiments  showed  the  following: 
1.  Even  for  small  surface  roughness,  Ks=  53  x'10-5,, 
the  shear  stress  contribution  to  the  toth  drag  is 
increased/ 23  7. 
increased  consic-terably.  Moreover,  the  peak  of  the  Kf  -0 
distribution,  region  of  highest  flo-vi  velocit,,,,,  moved  towards 
the  rear.  of  the  cylinder,,  however  small,  and  Ve  distribution 
becomes  more  steep  towards  the  flow  separation  point. 
2.  The  coefficient  of  skin  friction  was  increased  by 
increasing  the  turbulence  intensity  of  the  main  air  stream; 
however,  this  effect  was  less  than  the  effect  of  surface 
roughness. 
The  pressure  drag  showed  similar  characteristics  to 
those  of  other  investigators  and  it  decreased  by  increasing 
the  turbulence  intensity. 
4.  The  percentage  contribution  of  the  shear  stress  to 
the  total  drag  of  a  single  cylinder  amounts  to  about  2  per 
cent  at  the  highest  Reynolds  number  used  (i,,  e.,,  70,000). 
5.  The  measurements  of  shear  stress  on  a  single 
cylinder  showed  lack  of  a  fixed  point  for  the  flow 
separation  and  observations  suggested  the  existence  of  a 
separation  region  rather  than  a  separation  point  which  led 
to  a  difficulty  in  detecting  the  influence  of  surface 
roughness  and  turbulence  intensity  on  the  flow  separation. 
6.  There  was,  no  real  stagnation  point  at  0=  180  0  from 
the  FSPýrelative,  to  the  main  flow, 
B.  .,  Tube  bank  experiments  showed  that  the  flow 
characteristics-va,  ried  considexably  with  the  cylinder 
pmition/... 238. 
position  along  the  depth  of  the  bank.  Howeverp  the  main 
conclusions  were  as  follows  :- 
1.  The  entrance  effect  is  extended  probably  up  to  the 
third  row  in  the  bank. 
2.  The  flew  reached  its  stable  conditions  of  the  self- 
modelling  nature  from  the  fourth  row  onwards. 
3.  Apart  from  the  downstream  possible  effect  on  its 
rear,,  a  cylinder  in  the  first  row  acts  in  a  similar  manner 
to  a  single  cylinder  under  similar  flow  restraints. 
4,  The  first  row  in  the  bank  offers  the  highest  drag 
coefficient  in  the  bank  which  could  be  as  much  as  five 
times  that  of-a  single  cylinder  at  similar  undisturbed 
conditions. 
5.  The  second  row  in  the  bank,  with  its  highest  flow 
approach  velocity,  provides  the  lowest  drag  coefficient 
in  the  tube  bank. 
6.  The  pressure  dropl  per  row;  decreased  with 
increasing  the  number  of-tube  rows. 
7.  The  percentage  contribution  of  the  wall  shear  stress 
to  the  total  drag  ranges  from  2  to  4  per  cent  for  the  flow 
range  investigated,  While  these  values  Could  mean  that 
the  shear  stress  contribution  does  not  significantly 
influence  the  results  of  the  total  drags  they  do,  however,, 
influence/.  *.  . 239. 
influence  the  flow  by  affecting  the  position  of  separation 
on  the  cylinder  surface,,  the  width  of  the  circulation 
region  and  consequently  the  pressure  drag. 
8.  The  high  experimental  wall  shear  stress  compared 
with  the  predicted  one,  could  be  explained  through  the 
investigations  of  Pearce  (104)  who  showed  that  the  flow  in 
the  bank  is  pushed  towards  the  sides  of  the  straight  gaps 
between  adjacent  cylinders.  Consequently,  the  velocity 
outside  the  boundary  layer  on  the  cylinder  could  reach 
a  peak  of  about  35  per  cent  higher  than  that  for  the 
nominal  gap  velocity  in  the  free  section. 
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CHAPTER  8 
RESULTS  -III:  LIFFECT  Or  IMSS  TRAIISrLil  Oil  ATUBE  BANN 
IN  A  CROSS  FLOW 
3.1.  Introduction 
Since  the  present  project  is  devoted  iaainly  to 
studying  the  influence  of  different  factors  affectinc  the 
flow  throu(Ii  heat  exchangers  in  general  and  vertical  tube  'j 
surface  condensers  in  particular,  a  natural  extension  of 
the  investigation  presented  in  Chapter  7  is  to  study  the 
effect  of  condensation  on  the  cross  flow  through  the 
present  tube  ban):  configuration. 
In  a  real  condensation  process  it  is  difficult  to 
investigate  the  detailed  response  of  the  main  cross  flow 
to  the  condenser  surface,  to  the  changes  in  the  condensation 
rate.  or  heat  transfer  rate.  In  such  cases  it  is  difficult 
to  apportion  the  influence  of  different  parameters 
involved. 
To  facilitate  such  an  investigation  with  the  possibility 
of  determining  the  flow  local  parameters,  it  was  found 
necessary  to  split  the  physical  processes  involved  in  a 
condensation  process,  i.  e.,  heat  and  mass  transfer.  Such 
a  coupling  ef  fect  is  usually  associated  wit.  'a  cormion 
condensation  phenomena,  in  which  heat  transfer  rate  is 
controlled  by  the  heat  released  by  the  condensate,  froi:  t 
the  main  strean,,,  being.  condensed  on  the  colder  condenser 
surface. 
To/ 24-1. 
-  To  accomplish  the  aforementioned  requirement,  suction  of 
the  flowinU  medium  through  the  test  cylinder's  porous  surface 
offered  a  convenient  means  of  decoupling  the  heat  and  mass 
transfer  effects.  The  absolute  rate  of  mass  transfer 
could  thus  be  separately  and  independently  controlled  at 
any  desired  value  for  the  same  main  stream  flow  conditions. 
As  far  as  the  interaction  between  the  vapour  and  the  surface 
of  the  condensate  film  is  concerned,  it  was  assumed  in  the 
present  analogy  that  the  condensate  was  in  a  solid  form 
(250)  and  the  friction  coefficient  at  the  surface  of  condensate 
film  was  regarded  as  that  at  the  surface  of  a  cylinder  in 
cross  flow  whose  diameter  is  Dl.  As  Dl  is  nearly  equal  to 
D+  2A.  where  A  is  the  film  thickness  which  is  very  small 
(219)  and  could  be  neglected  relative  to  the  cylinder's 
dirtiensionsl.  it  is  assumed  that  D1  E  D.  The  liquid  phase 
effects  are  ignored  according  to  the  observations  of 
Drurru,  iond  (140)  for  condensation  in  pipes. 
The  hydodynamic  analogy  of  the  condensation  process  by  an 
inward  velocity  towards  the  surface  was  also  used  in  the 
investigations  carried  out  by  Wallis  (70).  . 114orsy  (57). 
Drumond  (72)  and  Kotake  (227). 
The  present  chapter  will  deal  only  with  the  influence  of  the 
mass  transfer  or  extraction,  on  the  characteristics  of  the 
cross  flov7  while'the  simultaneou's  effect  of  heat  and  mass 
transfer  will  be  the  subject  of  the  next  chapter. 
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8.2.  Mass  extraction  from  circular  cylinders  in  cross  flow 
As  far  as  the  effect  of  mass  extraction  on  the  flow 
local  parameters  on  either  a  single  cylinder  or  tube  bank 
configuration  is  concerned,,  only  a  few  investigations  could 
be*found  in  the  available  literature.  One  of  these  was 
the  early  work  of  Pankhurst  and  Thwaites  (68)  who  measured 
the  pressure  distribution  around  the  circumference  of  a 
single  porous  cylinder  under  conditions  of  continuous  high 
suction  rates.  They  assumed  that  the  scale  effect  could 
be  wholly  taken  into  account  by  using  the  suction  parameter 
CQ/17e  where  CQ  was  the  ratio  between  the  suction  velocity 
to  the  undisturbed  main  f  10W  velocity.  Their  experiments 
were  performed  for  CQv,  '-R-e  >  25. 
Another  work  was  that  carried  out  by  Drurmond  (72)  for  a  single 
cylinder  and  porous  tube  bank  for  suction  rates  equal  to 
13.5  per  cent  of  the  inlet  flow  rate  to  the  working  section. 
fie  concluded  that  such  a  high  rate  of  raass  e.  -Utraction  might 
reduce  the  pressure  drag  on  the  cylinder. 
It  is  obvious  that  these  two  investigations,  previously 
mentioned,  dealt  with  high  suction  rates  which  are  beyond 
the  range  encountered  in  steam  condensers.  For-practical 
condensers,,  typical  condensation  loading  is  about  0.0113 
2  Kg/n  sec.  with  i 
sec.  at  absolute 
these  conditions 
pararmterý  CQvge- 
008* 
nass  velocity  of  steara  of  0.5  to  3  Kg/m2. 
pressures  of  4.5  KIT/n,  2  (242).  Under 
the  analogous  hydrodynamic  'suction 
was  estimated  to  vary  from  about  0.3  to 
An/.  . 243. 
Ali  investigation  which  dealt  witli  low  suction  rates  was 
that  of  Ifurly  and  Thwaites  (0),  who  studied  the  boundary 
layer  development  on  a  porous  cylinder  using  low  suction 
rates,  CQYrR-e  =0  to  3.  But  they  were  mainly  concerned  with 
the  development  of  a  laninar  layer  under  conditions  of 
continuous  suction  rather  than  the  distribution  of  local 
parzaacters  around  the  cylinder  perimeter.  Neverthelessr 
they  indicated  that,  for  such  a  situation,,  the  suction 
parameter  was  not  the  only  determining  parai.,  teter  in  deciding 
the  values  of  the  flow  velocities  outside  the  boundary 
layer. 
The  effect  of  mass  extraction  on  local  flow  parameters 
around  a  circular  cylinder  in  cross  flow  was  reported  by 
morsy  (57).  Since  that  work  has  a  similar  nature  to  the 
present  study-,  it  deserves  a  good  deal  of  our  interest. 
Around  a  circular  cylinder  circumference  he  measured  the 
local  normal  pressure  and  shear  stress  using  a  deflected 
type  floating  element,  3.2  mm.  wide,  skin  friction  sensor. 
The  sensor's  suppo.  -ting  body  was  38  rm,  along  the 
circumference,  by  63.5  ma  along  the  length  of  the  89  mm  OD 
plain  test  cylinder  and  mounted  at  its  mid  height. 
To  conduct  the  nass  extraction  experiments,  Morsy  covered 
the  test  cylinder  with  a  perforated  copper  plate  lined 
with  a  tightly  woven  canvas  cloth  and  air  was  sucked 
through  a  recess  in  the  test  cylinder  under  the  perforated 
plate.  The  plate  was  drilled  with  staggered  holes  0.76  m., 
diameter  with  equAl  pitch  of  6.35  run  which  gave  the  surface 
of  the  plate-an  average  porosity  of  about  1  per  cent.  The 
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thickness  of  the  perforated  plate  to(jether  with  the  uanvas 
cloth  was  al)out  1.7  mra. 
In  order  to  bring  the  suction  area  as  close  as  possible  to 
the  floating  element,  drag  piece,  the  perforated  lined 
copper  plate  was  made  to  cover  the  test  cylinder  circuraference 
except  for  a  rectangular,  17.5  run  wide,  window  throuUh  which 
the  drag  piece  was  seen  by  the  external  flow.  Consequently, 
the  floating  elenent  was  in  a  recess  from  the  external 
surface  of  the  cylinder  by  the  thickness  of  the  perforated 
plate  and  its  canvas  liner,  i.  e.,  in  a  recess  of  about  1.7  mm 
from  the  surface  on  which  measurements  were  to  be  carried  out. 
The  minimum,  suction  rate  used  by  Morsy  was  equivalent  to 
cQvrR-e  =  4.5  up  to  a  maximun  of  about  29  measured  by  a  rota- 
meter  with  its  standard  calibration  chart  at  riorr,,  tal  pressure 
and  temperature.  Since  the  average  porosity  ol.  -  the 
perforated  plate  was  quite  small,  1%,  a  high  pressure  drop 
across  it  should  be  expected  and  the  rotameter  readings 
should  have  been  corrected  for  this  new  operating  pressure. 
Comparison  between  the  shear  stress  results  obtained  by 
Horsy  fron,  the  plain  cylinder  surface  and  those  for  the 
cylinder  when  it  was  covered  with  the  perforated  plate, 
with  no  suctions  showed  great  discrepancies  in  both  trend 
and  magnitude.  He  reported  that  the  increase  of  the 
shear  stress,  with  the  perforated  plate  in  place,  of  30  per 
cent  was  due  to  the  roughness  caused  by  the  drilled  holes 
in  the  rolled  coppbr  plate.  On  the  other  hand,  no 
explanation  was  offered  for  the  existence  of  clear 
separation/.  a, 245. 
separation  points  with  the  perforated  plate  while  none  were 
recorded  for  the  plain  surface  at  similar  Reynolds  numbers. 
In  this  case,  the  negative  shear  stress  recorded  on  the 
rear  of  the  cylinder  coutradicts  with  his  findings  and 
conclusions  on  the  plain  cylinder  in  that  such  negative 
I  values  are  characteristics  of  flow  with  Reynolds  where 
107000. 
The  recess  of  Morsy's  drag  piece  might  have  caused  a. 
considerable  error  to  the  measured  values  of  skin  friction. 
It  was  shoirm  by  Allen  (63)  that  even  a  small  recess  could 
cause  a  great  error  with  the  results  from  the  force  balance 
systems.  rurthermorer  Garringer  (55)  indicated  that  a 
recess  of  the  floating  element  of  about  0.013  nn  below  the 
surrounding  surface  could  produce  errors  of  -2  per  cent 
in  the  measured  shear  stress-values.  Moreover,  it  is 
possible  to  assume  that  the  recess  of  the  floating  element 
could  cause  an  effect  similar  to  the  shallow  gaps  as 
reported  by  Hoerner  (245). 
In.  these  cases  it  is  also  surprising  to  find  that  Morsy's  results 
for  shear  stress  with  suction  showed  a  reduction  of  10  to 
26  per  cent  of  the  recorded  values  without  suction  at  the 
frontal  part  of  the  cylinder  up  to  0  30  degrees  from  the 
vW  FSP.  Suction  was  applied  up  to  U60  0.08  and  12000  <  Re  < 
32000.  This  was  a  rather  disappointing  result,  since  it 
is  well  known  that  at  that  part  of  the  cylinder  surface 
there  is  a  laminar  boundary  layer  which  will  be  highly 
i  affected  by  suction  and  a  higher  wall  shear  stress  is  to  be 
expected. 
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ficult  to  The  inconsistency  of  Morsy's  measurements  makes  it  difý 
rely  upon  the  recorded  measurements  of  his  deflected  floating 
cleracnt,  especially  those  concerned  with  the  suction 
experiments.  Accordingly,  a  comparison  between  the  present 
results  and  those  reported  by  r1orsy  (57),  as  far  as  suction 
effect  is  concerned,  is  omitted  in  the  present  report. 
8.3.  Single  cylinder  with  suction 
Experimental  ]2rocedure  and  reduction  of  observations 
It  was  intended  to  have  a  reasonably  uniforn  suction 
velocity  along  the  model  circmiference,  rather  than  use 
series  of  perforated  holes  distributed  over  the  surface. 
Also  a  r,,  iaterial  was  required  which  could  be  reasonably 
smooth  to  the  boundary  layer  flow. 
The  experiment  for  the  single  cylinder  in  cross  flow  was 
carried  out  using  the  porous  test  cylinderf  section  5.2.2., 
and  the  arrangement  was  the  same  as  was  described  in  section 
7.2. 
It  should  be  nentioned  here,  that  mass  transfer  or 
extraction  was  applied  to  the  whole  of  the  cylinder, 
circiuaference  except  on  the  drag  piece-,  2  mm  wide,  and  its 
supporting  frame  which  extended  2  mm  upstream  and  do-vnistream 
of  the  drag  piece.  In  other  words  the  suction  took  place 
on  areas  which  proceeded  and  succeeded  the  axis  ofthe 
drag  piece  by  about  3m  along  the  cylinder  circunference. 
However,  the  neasurements  of  Gregory  and  Walker  (220), 
using  perforated  Sitriýs  on  a  flat  plate,  showed  that  the 
sucked  boundary  layer  could  keep  its  identity  for  a  distance 
equal/... 247. 
equal  to  3.2  rm  domstreari  of  the  suction  area. 
AccordinUly,  the  measurement  recorded  on  the  axis  of  the 
drag  piece  could  be  considered  to  be  that  of  the  sucked 
boundary  layer  proceeding  the  sensor. 
Since  the  output  signal  from  the  shear  stress  sensor  was 
the  average  over  the  total  width  of  the  drag  piece,  and 
the  downstream  half  was  not  effectively  within  the  suction 
area,  therefore  the  rcieasured  shearing  forces  were  expected 
to  be  a  bit  smaller  than  those  if  the  whole  drag  piece  had 
been  subjected  to  suction.  However,  the  output  of  the 
sensor,  which  was  between  3  and  8  per  cent  too  high,  as 
e  xplained  in  section  7.2.1,  is  presented  without  correcLion 
with  the  view  that  such  a  snall  overestimation  might 
counteract  the  small  reduction  expected  on  the  rear  half 
width  of  the.  drag  piece. 
The  test  procedure  was  the  same  as  that  explained  in 
section  7.2.2.  except  that,  for  each  value  of  the  nain 
stream,  Reynolds  numbers,  measurercients  were  taken  for  the 
local  parameters  around  the  cylinder  circtumference  over  a 
range  of  suction  rates,  i.  e.,  CQYrR-e  =0  to  1,13, 
It  should  be  emphasised  here  that,  although  the  flow 
Reynolds  nunber  was  controlled  to  achieve  values  sinilar 
to  those  used-in  Chapter  7,,  inevitably  slight  differences 
occurred.  These  were  tolerated  at  times  and  the  errors 
involved  in  the  estimation  of  the  Reynolds  number  for  the 
whole  study  amounted  to  about  ±5  to  3  per  cent  of  the 
nominal  values  presented  in  the  data  figures. 
A 
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As  shom  in  Chipter  7,  the  free  strew  Re  is  adjusted  and 
corrected  for  the  blockae  effect  and  the  turbulence 
intensity  is  estimated  to  be  about  6  per  6ent  with  the 
turbulator  ex-plained  in  section  7.2.4.  placed  upstream  of 
the  working  section. 
Measurements  of  Kf  and  CP  were  mainly  carried  out  from 
0=00  to  180  0  with  few  check3  around  the  whole 
circumference  which  showed  reasonable  agreement  between 
both  halves  of  the  cylinder.  These  parameters  are 
correlated  against  the  dimensionless  suction  parameter 
CQv/,  '7e  according  to  Pankhurst  and  Thwaites  (68). 
8.3.2.  Results  and  Discussion 
Charactersitic  e.  xaraples  of  the  progressive  development 
of  the  wall  qhear  stress  distribution  around  the  porous 
test  cylinder  with  wass  extraction  are  shown  in  figures  3.1 
and  8.2.  These  data  are  presented  for  undisturbed  main 
stream's  Reynolds  niziber  of  47000,,  with  the  working  section 
free  from  the  turbulence  generator#  and  the  turbulence 
intensity  for  such  conditions  was  about  1.2  per  cent. 
These  figures  cover  a  range  of  suction  parameter  CQYfR-e  =0 
to  0.3  for  figure  8.1  while  figures  8.2  covers  the  range 
from  0.35  to  1.13.  The  pressure  drag  did  not  change 
significantly  for  this  suction  range  and  its  value  was 
about  1.2  ±  5%.  The  pressure  distribution  in  these  cases 
was  very  similar  to  those  shown  in  figure  7.11  at  similar 
Reynolds  number.  ,  The  presentation  of  these  distributions 
was  omitted  in  the  present  chapter  for  the  sake  of 
.  decreasing/.., decreasing  the  number  of  graphs  sho,  ým  in  this  report. 
c  the  normal  The  reason  for  such  an  unchanged  character  ol 
pressure  distribution  will  be  discussed  later  on. 
From  figures  8.1  and  8.2,  it  is  possible  to  notice  that  the 
position  where  the  flow  separates  from  the  cylinder  surface 
is  delayed,  as  a  direct  influence  of  the  air  suction, 
from  about  0=  30  0,  for  the  no  suction  case,  gradually  until 
it  reaches  0=  122  0  by  increasing  the  suction  rate  from  0 
to  1.102.  it  is  to  be  noticed  also,  that  the  rate  of  delay 
is  higher  at  the  small  rates  of  suction  and  the  rate 
reduces  at  the  top  of  the  suction  range. 
At  the  rear  of  the  cylinder,  after  about  0-  165  0F 
increasing  suction  rate  caused  the  shear  stress  to  acquire 
positive  values  close  to  the  rear  stagnation  point.  The 
tentative  feeling  at  this  part  of  the  cylinder  surface  is 
that,  increasing  the  suction  rate  night  have  disturbed  the 
wake  structure  nearby  the  rear  stagnation  point  and 
further  increase  in  the  suction  rate  may  have  created 
small  vortices  in.  this  region  whose  direction  would  be 
opposite  to  the  main  wake. 
It  is  also  noticeable,  from  figure  8.1,  that  the  peak  in 
the  shear  stress  distribution  moves  steadily  from  0=  50  0 
to  about  0=  75  0  from  the  front  stagnation  point.  -  With 
increasing  suction  rate,  e.  g.,  figure  8.2,  the  peak  is 
still  delayed  but  with  a  decreasing  rate  of  change  of 
position. 
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For  the  last  top  suction  rates,  the  shape  of  the  shear 
stress  distribution  deviates  fron.  the  laminar  like  shape 
noticed-for  the  low  suction  rates.  These  top  rates 
correspond  to  a  suction  velocity  to  main  stream  velocity 
ratio  of  0.0029,0.0033F  0.0037,0.0043  and  0.0047. 
Using  these  rates  the  (K  f=  0)  distribution  shows  two 
peaks,  a  characteristic  which  is  normally  associated  with 
flovy  transition  from  laminar  to  turbulent. 
Similar  characteristics  were  noticed  by  Head  (249)  who 
noticed  that  the  boundary  layer,  developed  on  a  porous 
surface  consisting  of  calendered  nylon  stretched  over  a 
phosphor-bronze  gauze,,  was  laninar  with  low  suction  rates 
but  becane  turbulent  as  the  suction  rate  was  increased. 
This  change  in  the  boundary  layer  characteristics  was 
attributed  to  the  existence  of  a  surface  imperfection  ahead 
of  the  measuring  station.  To  investigate  this  phenomena,  Head 
used  a  single  isolated  roughness  with  different  heights, 
upstream  of  the  measuring  station.  From  the  results,  he 
concluded  that#  if  the  roughness  height  was  about  125  microns,, 
the  boundary  layer  remained  larainar  over  a  small  range  of 
low  suction  and  became  turbulent  for  high  suction  rates. 
The  maximun,  rate  used  by  Head  was  equivalent  to 
ýLw  0.0025. 
U 
Go 
The  effect  of  distributed  roughness  on  the  transition  when 
suction  is  applied  to  a  porous  surface  was  reported  in 
reference  nurber  251  and  it  was  shovm  that  since  no  porous 
surface  can  be  entirely  free  from  irregularities,  if  only 
at  the  holes  through  tihich  the  air  is  sucked,  there  is, 
for  every  porous  surface  a  lower  limit  for  the  flow  speed 
'below/... -..  -  11 
251. 
below  which  it  can  be  regarded  as  aerodynamically  smooth  and 
an  upper  limit  beyond  which  no  suction  will  prevent 
transition. 
The  reason  for  this  sort  of  behaviour  is  that,  although 
distributed  suction  increases  the  flow  stability,  it 
decreases  the  boundary  layer  thickness  and  the  transition  to 
turbulence  is  caused  then  by,  amongstother  reasons,  the 
significance  of  the  surface  irregularities  relative  to  the 
thickness  of  the  boundary  layer. 
in  the  present  study?  therefore,  it  is  reasonable  to  asswe 
that,  for  the  high  suction  rates  used,  the  roughness  of  the 
porous  surface  became  significant  relative  to  the  thickness 
of  the  boundary  layer  and  flow  transition  occurred  irrhich 
manifested  itself  by  the  appearance  of  a  second  peak  in  the 
shear  stress  dintribution. 
The  shear  stress  contribution  to  the  total  drag,  defined  by 
expression  7.4.  is  presented  in  figure  8.3  and  correlated 
against  the  suction  parameter  CQ/I-le-.  Some  of  the 
scattering  of  the  data  points  can  be  accounted  for  by  errors 
due  to  the  unsteady  nature  of  the  flow.  However,,  an 
average  curve  dram  through  the-points  provides  a  good 
description  of  the  results.  For  the  suction  range 
tested,  the  percentage  contribution  of  the  wall  shear  stress 
to  the  total  drag  is  increased  from  2  to  29  per  cent  when 
CQAe-  was  varied  from  0  to  1.02  respectively. 
From  figure  8.3.,  it  is  noticeable  that  'CFI  increases 
rapidly/... 252. 
rapidly  with  increasing  suction  rate  in  the  low  range  and  the 
Vw 
increasing  rate  becwie  less  around  CQYfR-e  i. 
e.,  U=0.005. 
There  is  no  convincing  explanation  for  this  behaviour  which 
could  be  offered  at  the-present  stage,  except  that,  it  is 
possible  at  these  very  high  suction  ratesr  relatively 
speaking,  some  major  changes  in  the  e-.  -.  ternal  flow  could  have 
occurred. 
Since  it  was  planned  to  use  the  test  porous  cylinder,  later 
on  in  the  programme,  in  experiments  involvingheat  and  i..  -iass 
transfer,  it  was  decided  to  prepare  the  cylinder  in  its  final 
form  for  the  rest  of  the  investigation.  In  other  words, 
to  mount  the  heating  banks,  turbulence  generator,  at  the 
intake  of  the  working  section  and  to  equip  the  test 
cylinder  with  the  thermocouples  required  for  the  heat 
transfer  measurements,  as  explained  in  section  5.2.8.3. 
The  constantan  leads  of  the  thermocouples  were  collected 
together  at  the  rear  of  the  cylinder,  180  0  from  the  drag 
piece  generator  on  the  cylinder  surface,  running  along  the 
length  of  the  model.  This  collection  of  the  thermocouples 
lead  is  referred  to,  in  the  figures,,  as  a  'wire'  at  the 
rear  of  the  cylinder. 
Under  these  conditions,  local  flow  parameters  were  measured 
over  the  suction  and  Reynolds  number  range  planned  for  the 
investigations.  Three  values  of  the  undisturbed  flow 
Reynolds  number  were  used,  27000,,  47000  and  70000,  while  the 
suction  velocities  were  chosen  as  0.012,0.018  and  0.025  rI/s 
which  yielded  veloC'itids  ratios  of 
V4  from  0.0009  to  0.0047.  U40 
The  turbulence  intensity  of  the  incident  strean  was  measured 
a:  nd/ 233. 
and  it  is  estimatea  as  T.  L.  =G  per  cent.  The  results  of 
wall  shear  stress  and  nonaal  pressure  distributions  around 
the  cylinder  with  the  'wire'  i,,  iounted  on  it  are  shown  in 
figures  8.4  and  B.  S. 
In  order  to  investigate  the  influence  of  the  'wire'  only  on 
the  local  parameters,  measurements  from  figures  8.4  and  8.5, 
with  no  extraction,  should  be  compared  with  the  corresponding 
ones  at  figures  7.10  to  7.12  under  similar  surface,  flow 
and  turbulence  conditions. 
Comparison  between  figure  8.4.  a,  no  suction,  and  figure 
7.10  at  Re(,  =  27000,  shows  that  the  effect  of  the  'wire'  is 
to  reduce  the  peak  value  of  the  shear  stress  by  about  18  per 
cent  together  with  a  sinilar  reduction  in  the  negative 
values,  in  the  circulation  region,  to  about  40  per  cent  of 
its  value  on  the  plain  cylinder.  This  is  also  clear  in 
figures  8.4b  and  8.5a  when  the  peak  in  the  shear  stress 
distribution,  with  no  suctions  are  reduced  by  about  15  to 
18  per  cent  of  its  value  on  the  plain  cylinder.  The 
reduction  in  the  shearing  force  values  is  quite  clear  in 
the  circulation  region  due  to  the  presence  of  the  'wire'. 
The  influence  of  the  'wire'  on  the  recorded  normal 
pressure  distribution  is  shown  in  figure  3.5b  for  the 
three  main  Reynolds  numbers  used  in  the  investigation.  The 
effect  on  the  base.  pressure  is  quite  noticeable  at  the  lower 
Reynolds  uumber  of  27rOOO  while  increasing  the  negative 
value  of  the  point,  of  minimum  pressure  is  clear  at  the 
4ighest  Reynolds  number  of  70,000  due  to  the  presence  of  the 
'wire,  / 254. 
Nire'  on  the  cylinder  surface,  The  distributions  in 
figure  8.5b  were  integrated  according  to  expression  7.2  to 
yield  the  contribution  of  the  pressure  drag  to  the  total 
I idrag,,  i.  e.,,  KDo,  and  results  are  shown  in  figure  8.7a  where 
I 
the  presented  data  are  not  corrected  for  the  blockage 
effect. 
From  figure  8.7a,  it  is  obvious  that  the  presence  of  the 
'wire'  caused  a  reduction  in  the  form  drag,  KD,  by  about  18 
to  20  per  cent  from  its  value  on  the  plain  cylinder. 
Although,  this  'wire'  is  not  strictly  similar  to  the  fixed 
splitter  used  by  Apelt  et  al  (252).  or  by  Pankhurst  and 
Thwaites  (68),,  at  different  angles  of  e,  the  reduction  in 
the  measured  pressure  drag  due  to  the  presence  of  the  present 
'wire'  agreed,,  in  generall  with  the  findings  of  these 
investigators. 
This  reduction  in  the  KD  values  together  with  the 
corresponding  reduction  in  the  recorded  wall  shear  stress  are 
probably  due  to  some  sort  of  stabilizing  effect  caused  by  the 
presence  of  the  *wire'  on  the  cy  linder  surface.  In  fact,  a 
reduction  in  the  shear  stress  was  noticed  also  when  air 
suction  was  applied  to  the  surface  with  the  mounted  'wire'  on 
it.  Comparing  figures  8.4b,  with  suctione  and  figure  8.1. 
a  reduction  of  approximately  40  per  cent  of  the  values 
reForded  on  the  cylinder  with  plain  surface  is  noticeable. 
However,  these  were  carried  out  at  different  turbulence 
intensities. 
The/ 
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4  The  effect  of  suction,  ALn  the  investigated  range,  on  the 
normal  pressure  distributions  was  not  significant  and  w-L  'thin 
the  accuracy  of  the  measurements  the  distributions  were  very 
, 
much  the  same  as  the  values  with  no  suction  as  shown  in 
figure  8.5b. 
It  is  noticeable  that  while  the  shear  stress  distribution 
for  Reyno.  lds  numbers  of  27,000  and  47?  000?  with  air 
extraction  continued  to  behave  in  a  laminar  like  boundary 
layer,  at  Reynolds  number  of  70,000  the  distribution  s.  howed 
two  peaks  normally  indicating  the  boundary  layer  transition 
to  turbulence.  Since  at  Re  =  70,000,  with  no  suction, 
the  distribution  shows  a  laminar  behaviour  for  the  boundary 
layer,  the  transition  to  turbulence  with  riass  extraction 
could  be  explained  according  to  the  argument  given  in 
reference  (251).  In  other  words,  suction  caused  a 
decrease  in  the  boundary  layer  thickness,  together  with  the 
high  level  of  turbulence  of  6  per  cent,  the  relative  size  of 
the  porous  surface  roughness  to  the  thickness  of  the  boundary 
layer  became  significant  before  the  flow  has  been 
sufficiently  stabilised.  Under  these  conditionst  the  flow 
speed  might  have  exceeded  the  upper  limit  above  which  no 
reasonable  suction  will  maintain  laninar  flow  over  the 
cylinder  surface.  Consequently,  the  surface  irregularities 
combined  with  the  influence  of  the  external  disturbancesl 
which  were  insufficient  to  cause  transition  with  no  suction, 
became  able  to  cause  transition  when  suction  was  applied 
and  the  boundary  layer  thickness  was  reduced  (249). 
With  no  suction,  it  is  possible  to  notice  the  movement  of 
the/... 2  5.6 
separation  point  as  a  direct  inf  luence  of  increasin(i  the 
Reynolds  number,  as  ShOWn  in  figures  8.4  and  8.5.  For 
Re  =  27000  separation  occurs  at  about  0=  750,80  0  for 
Re  =  47000  and  85  0  with  Re  =  70000.  According  to  the 
observations  of  Achenbach  (176),  the  present  observations 
could  mean  that  the  flow  conditions  at  Re  =  70000  with  T.  L. 
of  6%  is,  in  fact,  in  the  neighbourhood  of  the  critical 
flow  regime  where  the  separation  point  is  delayed  further 
doNmstrean  on  the  back  of  the  cylinder.  and  the  shear  stress 
distribution  is  characterised  by  the  appearance  of  two 
peaks.  This  is  confirmed  from  figure  8.7a  where  a  drop  in 
the  pressure  drag  is  noticed  at  Re  =  70000.  This  does  not 
se  em  surprising  since  it  was  reported  (169)  that  the  critical 
range  could  be  reached  at  Reynolds  numbers  as  low  as  39000 
when  the  turbulence  intensity  was  11.5%. 
On  the  back  of  the  cylinder,  domnstream  separation  region, 
it  is  obvious  that  air  suction  has  caused  an  increase  in  the 
neUative  values  of  the  shear  stress  in  the  circulation  region. 
This  is  probably  due  to  the  same  reasons  argued  on  the  frontal 
part  of  the  cylinder  when  suction  has  removed  the  slow  moving 
boundary  layer  fluid. 
The  shear  stress  contribution  to  the  total  drag  (CF)  is 
calculated  from  figures  8.4  and  8.5  according  to  expression 
7.4  and  correlated  against  suction  to  mainstream  velocity 
ratio  as  shown  in  figure  8.6.  From  this  figure,  the  value 
of  CF  is  increased  by  increasing  the  suction  quantities. 
Howeverp  with  a  differing  rate  with  different  Reynolds 
numbers  in  the  main  flow,  the  figure  shows  that  data  does 
not/.,, 25'i 
not  collapse  on  to  a  single  curve.  Replotting  the  data 
points  as  a  ratio  of  CF  with  and  without  suction,  ý,  as 
recoram  -ended  by  Wallis  (253),  the  data  arc-  shown  in  figure 
8.7b.  *  Within  the  scatter  of  the  points,  an  average  curve 
is  drawn  to  demonstrate  the  influence  of  suction  on  the 
wall  shear  stress  contribution  to  the  total  drag.  This 
figure  shows  that  the  contribution  ratiop  ý,  increases  with 
increaý;  ing  the  suction  rate  and  it  could  reach  as  much  as 
seven  in  the  suction  range  investigated  in  the  present  study. 
8.4.  Tube  bmk  ex2eriments 
Drurmond  (72)  and  '.  Iorsy  (57)  separately  showed  that 
condensation,  simulated  by  iiass  ektraction,,  could  modify 
the  total  pressure  loss  encountered  by  a  cross  flow  through 
a  tube  bank,  by  reducing  the  pressure  drag  contribution  in 
the  tube  bank.  arrangements,  On  the  other  hand,  Silver 
(139)  suggested  that,  it  is  possible  to  assume  that  by 
condensation  the  pressure  drag,  or  form  drag,,  is  modified  in 
such  a  way  as  to  preserve  the  ratio  for  the  total  pressure 
drop  to  frictional  pressure  drop  similar  to  non-condensing 
condýtions. 
The  present  investigation  was  carried  out  with  the  intention 
of  studying  the  effect  of  mass  extraction,  within  a 
practical  ranger  under  adiabatic  flow  conditions,  on  the  flow 
characteristics  through  the  depth  of  the  tube  bank  explained 
in  section  7.3. 
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Experimental  procedure  and  reduction  of  observations 
Tests  were  carried  out  on  the  model  used  previously 
in  secti6n  7.3.  and  the  flow  conditi.  ons  at  its  upstream  were 
similar  to  those  used  with  single  cylinder,  section  8.3.2. 
Also,  the  turbulence  intensity  in  the  incident  stream  was 
about  6  per  cent  over  the  range  of  Reynolds  numbers  used. 
Wall  shear  stress  and  normal  pressure  values  are  recorded 
simultaneously  around  the  perimeter  of  the  test  cylinder 
following  the  procedure  explained  in  section  7.2. 
At  each  value  of  the  nominal  Reynolds 
extracted  through  the  porous  walls  of 
the  suction  range  used  for  single  cyL 
explained  in  section  8.3.2.  and  local 
repeatedly  medsuredt  for  each  suction 
cylinder  perimeter. 
numbers,  air  is 
the  test  cylinder  over 
inder  experiments  as 
flow  parameters  are 
rate,  around  the 
8.4.2.  Results  and  discussion 
The  sinultaneous  measurements  of  the  pressure  coefficient 
(CP)  and  wall  shear  stress  (Iýf),  on  individual  cylinders  along 
the  depth  of  the  tube  bank,  are  presented  over  a  range  of 
nominal  main  stream  Reynolds  numbers  of  27000  to  30000 
covering  a  range  of  suction  to  main  velocity  ratio  from  0.0009 
to  0.0047. 
Pigures  8.8  and  8.9  present  data  measured  on  the  first  row  4&.  n 
the  tube  bank.  The  progressive  increase  in  the  wall  shear 
f  stress  due  to  the  effect-of  mass  extraction  is  quite 
noticeable.  With  no  suction  applied,  the  (Kf  -  0) 
(iistribution/ 259. 
distributiont  figure  8.8r  shows  a  peak  value  at  about 
0  e=  65  ,  Prom  this  peaks,  with  increasing  angle  e,  the 
shear  stress  is  reduced  to  a  value  very  close  to  zero  and 
instead  of  showing  flow  separations,  it  continued  with  slight 
increase  in  the  positive  directions.  indicating  that  the  flow 
was  penetrating  to  the  back  of  the  cylinder.  Thereafter 
the  shear  stress  is  reduced  and  finally  the  flow  separation 
occurred  around  0=  1600  from  the  FSP. 
In  fact,,  these  measurements  showed  that,  without  suction, 
there  is  no  real  circulation  region  as  such  at  the  rear  of 
the  cylinder.  Applying  suction  to  that  row  caused  a 
displacement  of  the  shear  stress  peak  to  e=  800  and  flow 
separation  occurred  at  6=  1100  with  the  highest  suction 
rate  used.  of  course  the  well  defined  circulation  region 
behind  the  cylinder  when  suction  is  applied  was  a  surprising 
result.  Possibly  this  might  be  explained  by  assuming  that 
the  weak  boundary  layer  flowi,  confirmed  by  the  small 
positive  shear  stress  values,  which  were  able  to  exist  on 
the  rear  of  the  cylinderp  as  a  result  of  penetration  from 
tho'highly  accelerated  flow  on  that  row,  was  removed  by 
suction.  By  doing  so,  it  gave  a  means  for  the  circulation 
region,  which  probably  was  there  all  the  time#  to  come  in 
contact  with  the  surface  of  the  cylinder.  The  small  rise  at 
e=  180  degrees  to  a  positive  value  in  a  similar  fashion  to 
that  noticed  with  a  single  cylinder,  is  probably  due  to# 
although  there  is  no  proof,,  the  formation  of  small  vortices 
at  that  part  of  the  surface  and  whose  direction  would  be 
opposite  to  the  main  vortices  in  the  circulation  region. 
Figure/ 260. 
Figure  8.9,  a  and  b,,  show  the  wall  shear  stress  over  the  firp't. 
row  in  the  tube  bank  at  Re  =  10 
5 
and  1.4  x  10  5 
respectively. 
The  most.  noticeable  feature  of  these  figures  is  that  the 
distribution  which  showed  a  laminar  flow,  with  single  peak 
at  Re  =  60000,  acquired  a  turbulent  flow  characteristic, 
two  peaks,  when  suction  was  applied  at  the  higher  Reynolds 
numbers.  This  change  in  the  boundary  layer  characteristics 
could  be  explained  in  the  nanner  used  for  a  single  cylinder. 
This  change  night  be  due  to  the  fact  that,  under  such  high 
values  of  the  Reynolds  number,  e.  g.,  10  5, 
suction  has 
reduced  the  boundary  layer  thichness  enough  for  the  surface 
irregularities  (251)  to  be  significant  relative  to  the 
boundary  layer  thickness  and  transition  to  turbulent  flow 
within  the  boundary  layer  occurred. 
In  fact,  it  has  been  reported  by  Hurly  and  Thwaites  (67)  that 
in  conditions  of  continuous  suction,  the  flow  around  the 
cylinder  appears  to  be  especially  sensitive  to  the  surface 
irregularities,  or  disturbances,  even  when  these  are  very 
small.  Using  a  porous  cylinder  of  a  similar  grade  to  the 
present  one,  they  showed  that  transition  night  have  had 
gradually  started  when  Re  was  about  98000  and  the  suction 
parameter  was  CQYrR-e  -  0,55, 
In  the  present  work,  however,  in  the  laminar  part  before  the 
transition  took  place,  the  shear  stress  acquired  higher 
values  than  the  corresponding  valuns  without  suction, 
possibly  due  to  the  thinning  of  the  boundarylayer  with 
0  suction,  figure  3.9a.  After  transition  at  hbout  0=  40 
the  shear  stress  value  became  less  than  tho  corresponding 
value/... 2  611 
value  without  suction  probably  due  to  the  increased 
thickness  of  the  turbulent  boundary  layer.  Similar 
results  are  reported  by  Achenbach  (80)  where  local  shear 
,  stress  was  lower  for  the  turbulent  layQr  than  that  for  the 
boundary  layer  before  transition. 
Increasing  suction  rate,  however,  will  tend  to  reduce  the 
thickness  of  the  laminar  sublayer,  after  the  transition 
with  the  smallest  suction  rate  had  occurred,  which  would 
result  in  an  increase  in  the  local  wall  shear  stress. 
From  figure  8.9b,  with  the  smallest  suction  rate  used,  transition 
0-0 
occurred  at  0=  25  30  The  laminar  layer, 
bolcore 
transition,  acquired  higher  local  shear  stress  than  the 
corresponding  value  with  no  suction.  After  transition  and 
due  to  the  increased  thic]-mess  of  the  turbulent  region,  the 
shear  stress  becane  lower  than  the  corresponding  values  with 
no  mass  extraction.  Increasing  suction  rate,  will  cause  an 
increase  in  the  local  values  of  the  shearing  forces  due  to 
the  reduction  of  the  boundary  layer  thickness  with  increasing 
suction.  However,  with  the  highest  suction  rate  used,  the 
peak  value  was  still  lower  than  the  corresponding  value 
without  suction. 
The  upstream  movement  of  the  transition  from  0=  40  0  to  25  0 
by  increasing  the  Reynolds  number  from,  10  5 
to  1.4  x,  10  5 
respectively  is  in  agreer..  ient  with  the  observations  ot  f  other 
investigatorst  e.  g.,  Achenbach  (80). 
rI 
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Figures  8.9  a  and  b  show  that  the  accelerated  main  flow  on  tl-,,  e 
cylinder  surface  at  the  first  row  at  high  Reynolds  numbers 
was  able-to  penetrate  further  downstream,  on  the  cylinder  rear 
,  without  allowing  a  real  circulation  region  to  be  formed  close 
to  the  cylinder  surface.  Moreover,  applying  suction  to 
that  cylinder  delayed  the  flow  separation  up  to  0=  140  0 
5 
with  Re  =  1.4  x  10 
It  should  be  mentioned  here,  that  the  normal  pressure 
distribution  on  the  first  row  in  the  tube  bank  was  not 
significantly  affected  by  suction  in  the  range  used  in  the 
present  study  and  it  was  very  similar,  within  ±2  per  cent, 
to  that  obtained  without  mass  extraction,  as  shown  in 
figure  7.15.  This  is  quite  an  important  result  since  it 
means  that  the  pressure  drag  was  more  or  less  the  same  as 
without  suction,  thus  the  total  drag  must  vary  according 
to  the  variations  of  the  wall  shear  stress  contribution  in 
this  range  of  suction  rates, 
The  unchanged  values  of  the  pressure  drag  due  to  suction 
could  be  explained  by  the  following  argument:  -  With  no 
suctionj  the  normal  pressure  is  a  function  of  the  flow 
velocity  outside  the  boundary  layer,  thus  variations  in  the 
normal  pressure  should  be  expec  ted  whenever  variations  in 
the  wall  shear  stress  occurred  or  vice  versa.  For  a 
particular  Reynolds  number,  as  long  as  the  effect  of  the 
nass  extraction  is  within  the  boundary  layer,  i.  e.,  the 
effect  is  limited  to-the  reduction  of  the  boundary  layer 
thickness,  very  srdall'variations  of.  the  flow  velocity 
outside  the  boundary'layer  areý-to  be  expected  (67). 
Consequently/.,, 263.  ýiý 
Consequently,  the  variations  in.  the  normal  pressure  would 
be  very  small  too.  On  the  other  hand,  variations  in  the 
normal  pressure,  should  be  expected  when  excessive  suction 
,  is  applied,,  e.  g.,  Pankhurst  and  Thwaites  (68),,  possibly 
because  suction  in  this  caseaffected  the  flow  pattern 
beyond  the  boundary  layer  into  the  external  flow. 
Figures  8.10  to  8.12  present  flow  characteristics  around  a 
cylirlder  in  the  second  row  of  the  tube  bank  for  Reynolds 
number  from  76000  to  175000  respectively.  From  figure 
8.10,  the  increase  in  the  wall  shear  stress  due  to  suction 
at  Re  =  76000  is  quite  obvious.  Even  with  no  suction,  it 
seems  that  transition  had  already  developed  at  about  0=  600 
from  the  FSP.  Applying  suction  at  that  Reynolds  number# 
the  distribution  keeps  its  identity  with  the  two  peaks, 
characterising*transition  phenomenar  and  the  local  values 
acquired  higher  magnitudes  all  over  the  surface  until  the 
flow  separates. 
on  the  second  row,,  it  seems  that  there  is  not  much  room  for 
the  suction  to  affect  the  flow  separation  and  all  the  curves 
in  figure  8.10a  show  flow  separation  at  about  0=  140  0 
Again,  suctionj  at  its  highest  rate,  helps  to  establish, 
however,,  small$,  a  circulation  region  at  the  rear  of  the 
cylinder. 
Figure  8.10b  shows  the  small  variations  in  the  normal  pressure 
distribution  as  a  result  of  mass  extraction  through  the  cylinder 
porous  surface.  The  transition  which  has  shown  itself  at 
0-  60  0  on  the  shear  stress  distribution,,  figure  8.10a,  is 
also/... 2C,  ý  . 
also  shown,  especially  at  the  highest  suction  rate,  in  the 
normal  pressure  distribution  at  0=  70  0 
with  two  points  of 
inflection  at  0=  55  0 
ancl  95o  which  correspond  to  the  two 
peaks  noticed  in  the  shear  stress  distribution  at  e=  30  0 
and  80  0 
respectively. 
Increasing  the  Reynolds  number  for  the  second  row,  e.  g.,, 
figure  8.11,  shows  that  transition  noved.  upstream  slightly 
to  0=  500  which  corresponds  to  an  inflection  in  the  normal 
0 
pressure  distribution  at  about  a=  60  The  point  of 
minimum,  pressure  is  moved  downstream  11--o  0=  100  0  from,  the 
FSP  which  corresponds  to  the  peak  of  the  shear  stress  at 
0  0=  95  It  is  noticeable  that  the  effect  of  suction  on 
I-lie  nor-Anal  pressure  distribution  at  that  high  Reynolds 
number  is  mainly  concentrated  around  the  back  half  of  the 
cylinder.  For  a  lower  Re,  but  with  the  same  suction  rate, 
this  effect  was  also  noticeable  on  a  portion  of  the  front 
of  the  cylinder,  figure  8.10.  The  shear  stress 
distribution  shows  that,  with  no  suction,  the  flow  is  nearly 
separated  at  0=  160  0 
when  Re  =  130000,  applying  suction, 
however,  enables  the  flow  to  penetrate  further  on  the  rear 
of  the  cylinder  until  the  rear  stagnation  point. 
comparison  between  figure  8.10a  and  8.11a  shows  that 
increasing  the  Reynolds  number  has  caused  the  second  peak 
in  the  shear  stress  distribution,  after  the  asswied 
transition,  to  acquire  values  higher  than  those  for  the 
first  peak  at  the  Irontal  part  of  the  cylinder. 265. 
A  further  increase  in  the  llcynol(ls  nuxaber  on  the  sccond  row,, 
figure  3.12,  produced  a  rather  interesting  result.  The 
shear  stress,  with  the  smallest  suction  rate,,  started  at 
about  0=  10  0  to  acquire  values  which  are  lower  than  the 
corresponding  values  without  suction.  These  runs  were 
repeated  and  the  results  were  very  much  the  sarae,  with  the 
repeatability  of  the  measurements  and  flow  conditions.  On 
the  other  hand,  when  the  tests  were  finished  for  the  second 
row,  the  picture  became  clear.  From  the  general  trend 
noticed  in  figures  8.10  and  8.11,  it  was  obvious  that  thcre 
was  a  gradual  decrease  in  the  values  of  the  shear  stress  at 
the  frontal  part  of  the  cylinder  with  the  snallest  suction 
relative  to  the  no  suction  case.  This  is  possibly  because 
of  the  gradual  movement  of  the  transition  point  towards  the 
front  stagnation  pointr  with  suction,,  by  increasing  the 
Reynolds  numbqr.  Then  it  was  realised  that  the  recorded 
results  with  Re  =  175000,  figurre  8.12,  were  to  be  expected. 
For  this  case  the  transition,  with  the  lowest  suction, 
might  have  moved  further  upstrear..  i  under  the  influence  of 
the  external  disturbances  imposed  on  the  flow,  and  could 
0  have  occurred  at  around  O=  10  If  this  is  the  case,  the 
shear  stress  could  acquire  values  lower  than  the 
corresponding  ones,  without  suction,  after  the  position 
of  boundary  layer  transition.  Increasing  suction  in  this 
case,  would  increase  the  shear  stress  values  while  keeping 
the  boundary  layer  all  the  way  over  most  of  the  cylinder 
surface  and  causing  an  increase  in  the  downstrean,  part  of 
the  distribution,  i.  e.,  0=  110  0,  to  a  comparable  value  with 
that  at  e=  40  0, 
# 
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jure  8.121)  shows  the  changes  in  the  noriial  pressure 
distribution  at  Re  =  175000  with  suction.  The  assumed 
transition  close  to  the  front  stagnation  point  whicli  was 
noticed  at  0=  10  0,  in  the  shear  stress  distribution,  was 
not  noticed  in  that  region  on  the  (CP  -  0)  curves.  This 
is  understandable,  since  it  is  well  known  that  the  pressure 
distribution  at  the  front  of  the  cylinder  is  independent 
from  the  flow  regirzie  used  (235).  By  applying  suction,  the 
point  of  minir-mm  pressure  acquires  an  even  higher  negative 
value  with  a  tendency  for  spreading  the  minimum  value  over 
a  wider  area.  This  seems  to  be  corresponding  to  the 
spreading  out  of  the  shear  stress  distribution  over  a  wider 
area  of  the  cylinder,  figure  8.12a. 
The  influence  of  suction  on  flovy  separation  at  Re  =  175000 
was  very  similar  to  that  noticed  with  lower  Reynolds  nunbers. 
In  factl  for  the  second  row,  no  separation  point,  Kf  equal 
zero,  was  clearly  shmin  in  the  (K  f-  0)  curves.  This 
indicates  that  the  boundary  layer  flow  developed  at  the  front 
of  the  cylinder  was  able  to  penetrate  all  the  way  through 
the  back  of  the  cylinder  until  the  rear  stagnation  point. 
11owever,  due  to  loss  in  energy,  as  viscous  dissipation, 
there  was  no  cor.  iplete  pressure  recovery  at  the  rear  of  the 
cylinder.  In  fact,  the  variations  in  the  pressure  drag  on 
a  cylinder  in  the  second  row,  due  to  the  suction  effect, 
were  slightly  more  than'those  for  the  first  row  and  within 
+8  to  -13  per  cent  of  the  values  with  no  suction. 
Figures  0.13  to  SA5  sliow  the  simultaneous  neasurements  of 
shear  stress  and  norual  pressure  distribution  on  the  Y.  Addle 
c,  ylinder/... 2  67  . 
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cylinder  of  the  third  row  in  the  tube  bank  arrangeracmt  ý 
iloyriolds  riwJ)crs  from  GOOOD  to  130000  respectively. 
At  Re  =  60000,  figure  8.13a,  shows  that  applying  suction  to 
the  cylinder  surface  caused  an  increase  in  the  recorded  wall 
shear  stress  on  both  front  and  back  of  the  cylinder.  A 
further  increase  in  the  suction  rate  results  in  a  corresponding 
increase  in  the  values  of  the  shearing  forces.  The  delay  of 
the  flow  separation  due  to  suction  is  also  quite  noticeable. 
The  interesting  result  is  that,  all  the  three  suction 
rates  used  caused  a  displacenent  of  the  separation  point  to, 
alnost,  a  single  position  at  0=  1250  -  130  0  instead  of 
0=  95  0  for  the  no  suction  case.  The  increase  of  the 
recorded  shear  stress  in  the  circulation  region,  witli  reversed 
flow,  at  the  back  of  the  cylinder  is  explainable  in  the  same 
manner  as  that  at  the  front  of  the  cylinder.  In  other 
words,  suction  removes  the  slow  moving  particles  allowing 
the  faster  particles  to  come  in  contact  with  the  cylinder 
surface  causing  an  increase  in  the  measured  wall  shear  stress. 
Although  there  is  some  variation.  in  the  normal  pressure 
distr.  ibution  due  to  suction  effect,  in  figure  3.13b,  the 
variations  in  the  pressure  drag  were  not  significant. 
The  reason  for  this  was  explained  earlier  in  the  discussion. 
Figure  8.14  shows  that  increasing  the  Reynolds  number  to 
94000  caused  flow  transition  to  the  boundary  layer  when 
suction  was  applied  to  the  surface  of  the  cylinder. 
Consequently,  aftek  trdnsition,  the  shear  stress  acquired 
values  which  are  smaller  than  the  corresponding  ories 
without/... 26a. 
l7itliout  suctiol-I  due  to  the  bigg-car  taidmess  of  the 
bounclary  layer  due  to  transition  eff-fect.  The  effect  of 
suction  rate  variations  on  the  recorded  skin  friction 
followed  the  same  trend  noticed  earlier  in  figure  8.13. 
An  increase  suction  rate  at  that  Reynolds  nur----.  t)er,  94c)00, 
results  in  an  increase  in  the  shear  stress  values  and  all 
suction  rates  caused  the  separation  point  to  move  downstrem 
fron  0=  950,  with  no  suction,  to  a  similar  position  at 
0  125 
Again,  although  suction  caused  some  variations  in  the  normal 
pressure  distribution,  the  values  of  the  pressure  drag  -uerc 
very  much  the  same  as  those  without  suction,  within  the 
accuracy  of  the  measurei,,  ients,  it  was  considered  unaffectied 
by  the  present  range  of  suction  rates. 
rurther  increase  in  the  magnitude  of  the  Reynolds  nurcd.  )er  to 
130000,  figure  8.15,  showed  that  the  shear  stress  at  the 
frontal  part  of  the  cylinder,  with  suction,  was  higher  than 
those  without  suction.  This  is  probably  due  to  a 
transition  in  the  boundary  layer  flow  which  might  happen 
because  of  the  combined  effect  of  surface  irregularities 
on  the  sucked  thin  boundary  layer  together  with  the  effect 
of  the  external  disturbances  from  the  experimental 
arrangement.  These  changes  were  not  noticed  on  the  normal 
pressure  distribution.  '  Although  suction  caused  some  changes 
in  the  middle  part  of  the  distribution,  towards  a  slightly 
higher  negative  value,,  'the  integrated  pressure  drag  over  the 
whole  surface  showed  no  signiticant  variation  from  its  value 
vhthout/... 269. 
without  suctione 
Flow  characteris  tics  around  middle  cylinders  in  the  fourth 
and  fifth  row  were  shown  in  figures  8.16  to  8.19.  These 
figures  demonstrated  the  general  trend  noticed  on  the. 
previous  rows.  At  lower  Reynolds  mu.  -bers,  f  igures  3.1G 
and  8.18,  increasing  the  suction  rate  caused  an  increase  in 
the  wall  shear  stress  around  the  cylinder  surface.  Suction 
caused  a  downstream  movement  of  the  flow  separation  point 
frora  0=  95  0  to  a  com.  ion  position  for  all  the  three  suction 
rates  used  at  0=  125  -  130  0  fron,  FSP.  On  the  rear  of  the 
cylinder,  increasinU  suction  resulted  in  an  increase  in  the 
shear  stress  in  the  circulation  region  in  the  same  fashion 
as  on  the  frontal  part  of  the  cylinder  surface.  TI-Le 
variatioas  in  the  pressure  dra(  duc  to  suction  were  U 
insignificant.  and  were  about  ±2  per  cent  of  its  value  with 
no  mass  extraction  despite  small  variations  recorded  in  the 
normal  pressure  distributions. 
Increasing  the  Reynolds  nunber,,  figures  8.17  and  8.19,  the 
suction  tended  to  decrease  the  boundary  layer  thickness  and 
the  relative  size  of  surface  irregularities  becane  important 
which  eventually  caused  transition  to  occur  at  0=  30  0-  40  0 
from  FSP.  The  ratio  of'the  shear  stress  with  suction  to  that 
without  suction  differ  on  both  sides  of  the  transition  region. 
While  this  ratio  was  nore  than  one  in  the  upstream  of 
tra,  lisition,,  the  ratio  becane  less  than  one  on  the  downstream 
of  transition  which  was  probably  due  to  the  thickening  of  the 
boundary  layer. 
Further/.,, 27o. 
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r-urth(,,  r  increase  in  the  suction  rate  resulted  in  an  incruase 
of  the  wall  shear  stress  and  all  the  suction  rates 
displaced  f  low  separation  downstrcm  to  0=  120  0-  125  0 
instead  of  95  degrees  with  no  mass  entraction.  On  the  rear 
of  the  cylinder  there  was  an  increase  in  the  shear  stress  of 
the  circulation  region  and  4e  pressure  distribution  was 
changed  slightly  from  its  value  with  no  suction  but  the 
pressure  drag  remained  insignificantly  changed  by  suction 
from  its  value  with  no  mass  extraction. 
Tlie  effect  of  mass  axtraction  on  the  shear  stress 
contribution  to  the  total  drag  through  the  depth  of  the  tube 
bank  is  calculated  following  expression  7.4.  Results  are 
shown  in  figures  8.20  to  8.22  for  three  undisturbed  flow 
conditions,  namely  for  Reynolds  nuMers  of  the  main  flow 
equal  to  27900  to  70000  respectively.  Results  for  the 
single  cylinder  are  included  for  comparison. 
Since  the  highest  suction  rate  in  the  experime-nts  amounts  to 
only  0.2  per  cent  of  the  incoming  flow  rate  to  the  working 
sectiont  the  effect  of  mass  extraction  on  the  flow  velocity 
distribution  through  the  tube  bank  is  neglected. 
As  is  expected,  raass  e.  xtraction,,  increases  the  shearing 
forces  over,  the  whole  bank,  however,  with  different  degrees 
for  different  rows  in  the  tube  arrangement. 
Figure  8.20  shows  that  cylinders  located  in  the  first  and 
second  rows  in  thetub,  6  bank  have  joined  the  single  cylinder 
in  having  lower  values  of  'CFO  compared  to  those  in  the 
ihird/... 271. 
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third  row  onward  at  similar  suction  rates.  Increasing  the 
Reynolds  nw-.  ýber,  c.  cj.,  figure  8.21,,  caused 
different  rows 
to  come  closer  to  each  other  but  with  a  lower  rate  of 
increase  of  the  ICFI,  with  increasing  suction  rate,  than 
that  for  lower  Reynolds  n"  er.  This  trend  is  continued 
and  for  Re,,,  =  70000,  in  figure  8.22,  ICFI  was  decreased  at 
the  lowest  suction  rate  used.  Thereafter,,  CF  is  incrcasud 
by  increasing  the  rate  of  mass  extraction. 
This  could  be  explained  by  the  fact  that  mass  e-traction  had 
reduced  the  boundary  layer  thickness  and  produced  the  flow 
characteristics  of  higher  Reynolds  nurahers;  to(jether  wit.  "I 
the  fact  that,  the  turbulence  intensity  in  the  nain  stream 
was  quite  high,  6  per  cent,  it  is  possible  to  assame  'Chat  the 
critical  flow  conditions  are  approached  x7hen  the  mainstreai,  's 
Reynolds  nuraber  was  70000  when  the  lowast  suction  rate  is 
applied. 
It  is  worth  mentioning  here  that,,  it  was  noticed  that  the 
recorded  signal  frorA  the  shear  stress  sensor,  servoforce 
balance,  was  subject  to  strong  oscillations  on  the  rear  side 
of  the  test  cylinder,,  which  became  even  stronger  in  the  separation 
region,  in  particular#  in  those  experir-,  ients  dealing  with  mass 
extraction.  These  oscillations  are  attributed  to  the  effect 
of  the  vortices  shedding  at  the  back  of  the  cylinder  (35). 
In  all  the  experiments,  it  was  noticed  that  the  separation 
point  had  a  very  unstable  nature  and,  in  fact,  it  was  noving 
backward  and  forwwýd  of'a  mcan  value  Which  is  presented  in  the 
experimental  data.  This  point,  together  with  the  non  zero 
vcilues/ values  at  a=  180  0  from.  FSP,  -werc  discussed  earlier  in 
section  7.2.3.2. 
8.5.  Concludin2  remarks 
In  this  chapter  investigations  were  carried  out  to 
determine  the  effect  of  mass  extraction  on  circular 
cylinders  in  cross  flow  in  a  rectangular  working  section. 
By  using  a  porous  cylinder  of  a  fine  grade,  uniformity  of 
the  suction  velocity  around  the  cylinder  perimeter  was 
reasonably  insured. 
On  single  cylinder  and  individual  cylinders  through  the  deptIl 
of  a  staggered  tube  bank,  simultaneous  measurements  of  the 
wall  shear  stress  and  normal  pressure  distributions  were 
carried  out  for  different  flow  and  suction  conditions. 
It  should  be  enphasised  that,  there  are  no  other  measurements 
in  the  literature  to  compare  with  these  simultaneous 
measurements  performed  on  a  porous  cylinder  and  at  small 
suction  rates  of  less  than  CQY,  *-R-c  =  1. 
As  far  as  the  effect  of  mass  extraction  on  the  local  flow 
parameters  is  concerned,  the  i-,  iain  concluding  points  will  be 
separated  according  to  whether  it  is  for  single  cylinder  or 
for  tube  bank  arrangenent. 
A-  Single  Cylinder  experimats: 
1.  I-lass  extraction  delays  the  position  of  the  flow 
separation  towards'the'aylinder  rear. 
2.  With  suction,  there  are  sortie  small  changes  in  the 
normal/.  .i 273. 
normal  pressure  distribution  especially  around  tile  point  of 
minimur,.,,  pressure,  however,  the  contribution  of  the  pressure 
drag  to  the  total  drag  was  within  i5  per  cent  of  its  value 
without  suction.  Within  the  accuracy  of  the  measurements, 
it  is  concluded  that  the  present  suction  range  has  no 
significant  effect  on  the  pressure  drag  of  the  single 
cylinder  in  cross  flow. 
Mass  extraction  can  cause  a  considcrable  increase  in 
the  shear  stress  both  as  local  values  and  as  a  contribution 
to  the  total  drag. 
4.  Increasing  the  suction  rate  beymid.  a  certain  limit., 
can  cause  the  surface  irregularities  to  be  significant  relative 
to  the  reduced  thickness  of  the  boundary  layer  and  flow 
transition  would  occur. 
5.  Increasing  suction  rate  will  reduce  the  area  occupied 
by  the  circulation  region  at  the  rear  of  the  cylinder, 
accompanied  by  an  increase  in  the  local  values  of  the  shear 
stress. 
6.  Placing  a  'wire'  at  180  deUrees  relative  to  the 
measuring  generator.  on  the  cylinder  surface  caused  a 
reduction  in  the  shear  stress  values  compared  with  the  cylinder 
without  the  'wire'  at  similar*flow  conditions  with  and  without 
suction. 
7.  The  'wire'  wlso  caused  a  reduction  in  the  pressure 
drag  by  up  to  20  per  cent  of  its  value  on  the  plain 
cylinder  which  was  not  significantly  affected  by  suction. 27  .1. 
Tube  Bank  e.,.  periments: 
Within  the  rePcatability  of  the  measurements,  the 
nominal  Values  for  the  Reynolds  number  used  in  this  chapter 
were  similar  to  those  reported  in  Chapter  7.  The  velocity 
changes  and  the  corresponding  variatio-ns  in  the  flow 
Reynolds  number  through  the  depth  of  the  tube  bank  were 
similar  to  those  reported  in  section  7.3.  Tests  with  mass 
extraction  demonstrated  the  following: 
le  The  influence  of  suction  on  the  flow  characteristics 
differs  according  to  the  relative  position  of  the  cylinder 
within  the  tube  bank  arranUenent. 
Generally  speakinU,  the  contribution  of  the  pressure 
drag  to  the  total  drag  did  not  change  considerably  from  its 
value  without'suction  while  the  shear  stress  contribution 
was  very  sensitive  to  the  range  of  suction  used  in  the 
experiments. 
Mass  extraction  delays  the  flow  separation  and  helps 
the  boundary  layer  flow  which  developed  on  the  forward  part  - 
of  the  cylinder  to  penetrate  further  on  the  back  of  the 
test  cylinder. 
Whenever  a  circulation  region  existar  suction  tends 
to  reduce  it  and  higher  values  of  the  negative  shear  stress, 
characterising  reversed.  flow,  are  recorded. 
5.  With  high  mAn  strew  Reynolds  n"er,  transition  is 
noticed  in  the  boundary  layer  at  the  lowest  suction  rate 
ilsed.  /.  oa 1 
2i.. 
usud.  Increasing  Reynolds  nu-r.  i',  )er  furt-hor,  caused 
transition  to  move  towards  the  front  sta(nation  IDo'&.  nt.  j 
6.  ror  an  isotIlkiermal  noil-dimensional  mass  e.,  ctraction  rate 
equivalent  to  a  typical  loading  in  a  steam  condenser,  suction 
might  have  some  influence  on  the  normal  pressure  distribution 
on  different  rows  in  the  tube  bank.  However,  the  effect  of 
suction  on  the  pressure  drag  contribution  to  the  total  drag  is 
not  significant. 
Shear  stress  distribution  is  very  sensitive  to  the 
suction  rate  and  local  values  are  considerably  increased  with 
raass  extraction. 
8.  The  present  suction  rates  are  considered  to  he  working 
within  the  boundary  layer  region  with  very  little  effect  on 
the  external  flow  which  controls  the  normal  pressure 
distribution.  This  might  axplain  the  'almost  unchanged' 
pressure  drag  in  the  present  experiments  when  suction  was 
applied  to  the  cylinder  surface.  This  conclusion  is  in 
agreement  with  the  observations  of  Hurly  and  Thwaites  (67)9 
"hey  however,  for  relatively  higher  rates  of  suction.  rý 
showed  that  under  such  conditions  of  continuous  suction, 
nass  extraction  is  not  the  only  determining  parameter  in 
deciding  the  values  of  tie  flow  velocities  outside  the 
boundary  layer. 
I 
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RESULTS  IV:  HEAT  AND  MASS  TRANSFER  IN  A  TUBB  BANK 
Iii  CROSS  FLOW 
9.1.  Introduction 
In  a  vertical  tube  condenser,  the  real  significance 
of  the  effect  of  vapour  cross  flow  on  the  unit  thermal 
performance  could  be  obtained  from  analysis  of  the 
steam  side  heat  transfer  coefficient.  This  makes  the 
ineasuroment  of  the  coefficient  of  heat  transfer  on  the 
steamside,  in  the  surface  condenser,  quite  important  for  a 
designer  knowledge. 
While  such  measurements  are  available  for  the  case  of  steam 
cross  flow  on  a  horizontal  tube,  e.  g.,  Rauscher  et  al  (202), 
the  literature  survey  showed  that  the  corresponding  values 
for  steam  flow  across  vertical  tube  condensers,,  on  the  other 
hand,  are  not  available.  However,  there  are  a  number  of 
investigations  in  which  studies  were  carried  out  with  steam 
flowing  axially  through  the  condenser.  A  good  survey 
could  be  found  in  reference  numbers  203  and  204. 
For  single  vertical  tube  condensers,,  the  majority  of  studies 
were  performed  with  the  steam  flowing.  outside  the  tube,, 
longitudinally  along  the  length  of  the  tube  condenser. 
With  pure  vapour  (205)  or  vapour  with  noncondensable  gases 
(206),,  these  studies  were  focused  on  the  overall  performance 
of  the  unit.  This.  was.  changed  by  varying  conditions  on 
either  side  of  the  tube  metal  boundary. 
Vertical/... 
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Vertical  tube  banks,  on  the  other  hand,  were  dealt  with  as 
one  unit  and  no  detailed  studies  were  performed  within  the 
banks.  In  most  cases  the  overall  coefficients  of  heat 
transfer  only  were  obtained,  e.  g.,  Kirschbaum  et  al  (209). 
The  node  in  which  the  heat  transfer  rate  is  distributed  in 
a  vertical  tube  condenser  in  a  steam  cross  flow  has  been 
visualised  by  some  investigators,  e.  g.  j,  rurman  and  11ampson 
(207)  and  Ede  (208).  They  reached  the  point  of  recognising 
that  an  uneven  distribution  of  heat  transfer  round  the 
perimeter  of  the  vertical  tube  condenser  would  be  expected. 
It  was  indicated  that,  due  to  the  decreasing  effect  of 
gravity  relative  to  vapour  drag  on  the  condensate  film,  at 
increasing  cross  flow  velocity,  such  a  distribution  is 
somewhat  similar  to  that  of  single  phase  heat  transfer 
around  circular  cylinders  in  diabatic  cross  flow.  Moreover, 
the  condensate  film  developnent  and  its  breakaway  from  the 
tube  were  developed  in  the  same  way  as  with  single  phase 
flow. 
Indeed,,  the  measurement  of  the  heat  transfer  coefficient 
depends  upon  the  measurement  of  the  surface  temperature, 
which  is  a  peculiarly  difficult  problem#  in  general,  and 
particularly  where  condensation  takes  place.  In  fact, 
measuring  the  temperature  of  the  metallic  surface  under 
these  conditions  represents  a  major  problem  in  the  studies 
of  condensation  mechanism  (218).  This  is  confirmed  by  the 
observations  of  Furman  and  Hampson  (207)  who  indicated  that, 
the  different  conditionso  around  the  vertical  tube  condenser, 
precluded  any  surface  measurements  even  at  discrete  points 
around/.,, 2-i&.  ' 
around  the  perimeter,  from  which  a  steam  side  coefficient 
could  be  directly  deterrained. 
Appreciating  the  difficulties  encountered  by  many 
investigators,  in  determining  the  influence  of  the  flow 
parameters  on  the  condensation  process,  a  thermal 
hydrodynamic  analogy  was,  therefore,  justified  to  simulate 
the  basic  processes  which  take  place  in  steam  condensation 
on  the  outer  surface  of  a  vertical  tube  condenser. 
It  is  the  intehtion  of  the  present  chapter  to  take  the  adiabatic 
simulation  used  in  Chapter  8.  one  step  further  towards  the 
mechanista  that  takes  place  in  a  surface  condenser. 
9.2.  The  sinulation  of  a  condensation  process 
It  is  clear  from  the  previous  section  that  more 
information  about  the  heat  transfer  around  vertical  tube 
condensers  in  stean,  cross  flow  is  needed.  Also,  the 
realisation  of  this  information  under  actual  condensation 
conditions  is  known  to  be  rather  difficult.  Therefore, 
a  thermal  hydrodynamic  simulation  was  thought  of  as  an 
alternative  technique  under  which,  flow  parameters  for  a 
filmwise  condensation  on  a  surface  condenser  could  be 
investigated. 
It  should  be  adntitted,  that  such  a  simulation  is  not 
exactly  what  might  be  going  on  in  a  real  condensation 
process.  However,  the  present  analogy  was  the  nearest  one 
obtainable  in  the  present  investigation. 
On/,, 279. 
On  the  surface  df  a  vertical  tube  condenser,  heat  transfer 
takes  place  due  to  mass  transfer  from  the  flowing  stream  of 
vapour  t9wards  the  condensate  surface.  Consequently, 
condensation  process  was  considered,  in  the  present 
simulation,  as  two  processes,  namely  heat  and  mass  transfer 
which  are  sinultaneously  tahing  place  from  the  main  stream 
towards  the  tube  condenser  surface. 
Since  the  condensate  film  thickness.  for  a  typical  condenser 
loading  is  normally  very  small,  in  the  order  of  30  microns 
(219),  its  effect  on  the  curvature  of  the  boundary  layer 
could  be  neglected  relative  to  the  test  tube  diameter. 
Accordinglys  the  simultaneous  heat  and  mass  transfer,  in 
the  present  simulation,  were  carried  from  the  main  stream 
to  the  surface  of  the  test  cylinder. 
Care  was  tai  env  therefore,  to  perform  the  two  simultaneous 
transfer  processest  in  the  present  work,  in  the  same 
direction  which  they  take  in  a  surface  condenser#  i.  e., 
from  the  flowing  stream  towards  the  surface  of  the  test 
cylinder. 
What  was  needed  then,  is  the  addition  of  a  heat  flux,  to 
the  mass  extractiont  as  explained  in  Chapter  8,,  from  the 
flowing  air  stream  to  the  walls  of  the  test  cylinder. 
In  incompressible  flows,  howevero  heat  is  exchanged 
between  the  flowing  medium  and  the  cylinder  only  if  the 
temperature  of  the,  wall  is  lower  than  that  of  the  fluid. 
Accordingly,  first  the  air  flow  through  the  tunnel  should 
be/... 2-o. 
be  raised  to  a  higher  tenperature  level,  second,  cooling 
the  walls  of  the  porous  test  cylinder  and,  third,  provide 
a  possibility  for  measuring  the.  distribution  of  the 
heat  transfer  coefficient  around  the  cylinder  circumference. 
The  first  task  was  the  easiest  and  heating  the  flowing  air  strean, 
was  done  using  the  heater's  banks  with  its  control,  as 
described  in  section  (5.2.8.2.  ).  The  second  task,  i.  e., 
cooling  the  porous  cylinder,  with  mass  extraction,  was 
carried  out  using  the  spraying  method,  as  shown  in  section 
(5.2.8.2).  It  was  the  third  task,  local  heat  transfer 
coefficient  distribution  that  took  some  time  to  achieve. 
9.3.  Measurement  of  local  heat  transfer  rate 
Brundrett  and  Baines  (212)  proposed  a  tecimique  for 
the  local  measurement  of  heat  flux  based  upon  the  inner  law 
correlations  for  velocity  and  teraperature.  They  placed  a 
thermocouple  at  a  specified  locationj  in  the  inner  law 
region,  and  the  temperature  difference  from  the  wall  value 
was  a  function  of  the  variables  which  control  the  inner  law 
temperature  correlation,  e.  g.,  wall  shear  stress,  kinematic 
viscosity,  distance  from  the  wall  and  Prandtl  number. 
Since  this  technique  required  the  use  of  a  Preston  tube,, 
a  condition  which  is  difficult  to  meet  on  the  porous  test 
cylinder  without  affecting  the  porosity  of  the  surface,  it  was 
considered  to  be  unsuitable  for  the  present  investigation. 
Butterworth  at  al  1213Yt  presented  a  method  for  measuring 
the  local  heat  flux  and  wall  temperature  for  condensation 
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experiments  inside  a  horizontal  tube.  The  local  heat  flux 
was  obtained  from  the  temperature  difference  between 
pairs  of.  thermocouples  inserted  at  different  depths  in  a 
thick  walled  tube.  This  temperature  difference  is 
proportional  to  the  local  heat  flux  and  hence  this  flux 
may  be  determined  provided  that  the  thermal  resistance 
between  the  two  thermocouples  is  known. 
This  technique  was  adopted  in  the  present  investigation 
and  the  original  idea  of  inserting  thermocouples  within  the 
thickness  of  the  tube  wall  was  replaced  by  measuring  the 
temperature  difference  between  the  outer  and  inner  surface 
of  the  tube  wall  whose  thickness  and  hence  its  thermal 
resistance  could  be  determined  with  confidence.  Ilowever, 
the  choice  of  a  suitable  method  for  measuring  the  surface 
tenperature  ot  the  test  porous  cylinder  was  a  difficult  one. 
Because  of  the  nature  of  the  porous  surface  and  the  fact 
that  there  is  a  normal  suction  velocity  towards  the  surface, 
it  was  necessary  tp.  select.  a  method  for  measuring  that 
surface  temperature,  which  would  cause  the  minimum 
disturbance  to  the  characteristics  of  the  surface. 
The  major  portion  of  the  work  done  on  the  surface 
temperature  measurement  has  been  carried  out  using 
thermocouples#  because  of  their  inherent  economy  and 
flexibility  of  installation.  Neverthelessp  thermocouples 
have  their  own  problemst  e.  g.  f  the  hot  junction  must  be  in 
perfect  thermal  contact  with  the  surface  without  perturbing 
the  local  heat  flux  through  the  surface  or  affecting 
phenomena/... phenomena  occurring  on  the  surface. 
Consequently,  methods  using  heat  flux  disc  (214)  or  chord 
hole-groove  and  plug  and  recess  (210)  were  considered  to  be 
unsuitable  for  the  present  studies.  Neither  the  technique 
used  by  Green  (215)  with  a  total  radiation  pyrometer  nor  that 
used  by  Hampson  (211)  with  inserted  thermocouples  in  the 
surface  was  selected  as  a  suitable  method  for  surface 
temperature  measurement  in  the  present  investigation. 
Wiekhardt  and  Ritchie  (216)  demonstrated  that  a  surface 
temperature  could  be  measured  accurately  if  the  surface 
was  made  to  form  one  arm  of  the  thermocouples  with  Lhe 
second  arm  made  from  a  pointed  probe  of  a  thermoelectrically 
dissimilar  metal  which  is  pressed  against  the  surface.  They 
indicated  that  the  probe  must  be  in  good  electrical  contact 
with  the  surface  such  that  extraneous  Seebeck  voltages 
are  not  introduced. 
That  technique  was  by  no  means  new  and  it  was  applied  twenty 
years  earlier  in  1951  by  Grootenhuis  and  Coworkers  (217).  By 
pressing  a  constantan  wire  on  to  the  surface  of  a  porous 
plate,  they  used  the  junction  between  this  wire  and  the  test 
plate  as  the  thermoelectric  element.  Under  these 
circumstancest  the  measured  temperature  is  the  true  surface 
temperature  where  the  contact  point  is  located. 
The  method  used  for  the  surface  temperature  measurement  in 
this  investigation,  is  similar  to  that  developed  by  Grootenhuis 
et  al  and  it  is  described  in  section  (5.2.8.3.  ). 
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..  Particular  care  was  taken  in  the  measurement  of  all 
temperatures  and  calibration  of  the  devices  used  was  performed 
against  d  standard  thermocouple  calibrated  by  Dr.  Nisbet 
of  the  Mechanical  Engineering  Department  of  Glasgow 
University. 
It  was  necessary  to  use  a  multi-channel  recording  instrwaent 
for  measuring  the  temperatures  since  the  surface  temperature 
undenient  rapid  and  large  oscillations  with  increasing  angle 
6  measurdd  from  the  front  stagnation  point  of  the  test 
cylinder.  These  could  not  be  read  on  a  manually  balanced 
potentiometer,  nor  could  an  adequate  mean  temperature  be 
determined  fron,  these  fluctuations  by  using  a  static 
temperature  measuring  device. 
Local  heat  transfer  rate  was  calculated  from  the  temperature 
difference  across  the  test  tube  porous  wall  together  with 
the  thermal  conductance  of  the  porous  material,,  as  a  heat 
conductor,  per  unit  area  based  on  the  geonetrical  cross 
sectional  area  (217). 
For  a  given  position  at  angle  0  from  the  FSP,  with  surface 
temperatures  two  and  twi  for  outside  and  inside  surface 
respectivelyp  the  local  heat  transfer  rate  is  calculated 
as  follows: 
qO 
s  (two  -  twi)  9.1. 
where  Ks  is  the  thermai  conductivity  of  the  porous  material 
and  x  is  the  wall  thickness  between  inner  and  outer 
I 
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thermocouples  junction.  With  main  stream  temperature  t., 
measured  at  sufficient  distance  from  the  cylinder  walls,,  thQ 
local  heat  transfer  coefficient  is: 
h0=  qO  /  (tec  -  two)  9.2. 
Having  the  local  coefficient  of  heat  transfer  been 
determined  around  the  cylinder  perimeterp  the  mean  heat 
transfer  of  the  cylinder,  as  a  whole,  can  be  determined. 
This  is  obtained  by  integrating  the  local  coefficients  of 
heat  transfer'as  follows  :- 
hav  =1  Of 
ir  he  dO  9.3. 
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It  is  estimated  that  the  values  of  the  heat  transfer 
coefficient  presented  in  this  report  are  accurate  within 
about  10  -  15  per  cent.  The  sources  of  inaccuracy  were: 
a)  the  unsteady  nature  of  the  flow 
b)  the  time  averaging  of  the  local  measurements 
C)  the'accuracy  of  the  heating  control  systen 
d)  the  possible  variations  in  the  cooling  water 
temperature 
e)  accuracy  of  the  thermocouples 
f)  averaging  effect  of  the  curve  snoothening 
g)  possible  stagnation  effect  for  outer  probe 
In  the  following  section,  results  obtained  using  single 
cylinders  will  be  analysed  firstj  followed  by  results 
recorded  along  the  depth  of  a  staggered  tube  bank. . 
9.4.  Experimental  results: 
9.4.1.  Single  cylinder  measurements 
Tests  for  single  cylinder  in  cross  flow  with  heat 
and  mass  transfer  were  carried  out  covering  a  heat  load 
range  from  6  to  18  Watt/Cm2  based  on  the  cross  section  area 
of  the  tunnel  working  section.  The  mass  extraction,  suction, 
rates  were  similar  to  those  used  in  the  adiabatic  cold 
experiments?  Chapter  8. 
The  investigations  were  performed  using  a  constant  flow  rate 
for  the  cooling  water,  sprayed  on  the  inside  surface  of  the 
porous  cylinder.  About  3.8  LPM  flow  rate  was  sprayed  using 
a  Dallavan  hollow  cone  type  of  nozzle.  Temperatures  of 
the  cooling  water  were  measured  at  both  inlet  and  outlet 
of  the  test  cylinder  using  a  precision  glass  mercury 
thermometer  with  smallest  division  of  0.10  C. 
With  cooling  water  sprayed  on  the  inside  surface  of  the 
porous  cylinder,  it  was  found  that  resistance  from  the 
suction  pump,  pressure  drop  across  the  test  cylinder  walls, 
for  a  specific  rate  of  air  extraction,  was  increased  by 
, 
about  30  per  cent  over  that  without  cooling  water.  These 
resistance  variations  were  measured  at  adiabatic  flow 
conditions.  This  increase  in  resistance  was  probably  due 
to  the  reduction  in  wall  porosity  because  of  cooling  water 
capillary  action.  It  was  assumed  further  that  this 
resistance  variation  would  be  the  same  for  diabatic  as  well 
as  adiabatic  flc*i  conditions. 
After/ 20  ￿ 
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an  initial  run  of  the  wind  tunnel  and  the  main  air 
stream  velocity  had  reached  a  steady  state,,  with  the  heater 
banks  switched  on,  snall  but  constant  temperature 
variations  of  up  to  ±  1.5  0C  had  to  be  tolerated  during  the 
experiments. 
It  is  noticeable  that  the  test  data  points  were  recorded 
as  the  local  time  average  values  over  the  mid-height  of  the 
test  cylinder  where  the  flOV7  parameters  were  to  be  measured. 
In  general,  the  local  neasureraents  were  limited  to  one  half 
of  the  cylinder  circumference,  but  as  a  check  on  the 
syrm.  etry,  a  few  runs  were  carried  out  over  the  eattire  surface. 
No  substantial  differences  between  both  halves  were 
observed. 
The  investigations  were  carried  out  using  the  porous  test 
cylinder  and  the  test  procedure  was  as  explained  in  section 
Wall  shear  stress  was  realised  using  the  sensor 
described  in  Chapter  3. 
on  the  sensor's  drag  piece,  2  mm  width,  there  was  no  heat 
transfer  as  such  and  the  transfer  processes,  mass  and  heat, 
were  taking  place  on  area  preceeding  and  succeeding  the 
axis  of  the  drag  piece  by  about  3  mm  distance  along  the 
cylinder  circumference. 
Gregory  and  Walker  (220),  used  perforated  strips  to 
maintain  laminar  boundary  layers  on  a  flat  platel  their 
measurements  shovied  that  an  adiabatic  sucked  boundary  layer 
could  keep  its  Identity  for  a  distance  equal  to  3.2  nm 
downstream/.,, 287. 
downstream  of  the  suction  area.  Accordingly,  it  is 
assumed  that  the  present  diabatic  sucked  boundary  layer 
would  keep  its  identity  over  the  shear  stress  drag  piece 
whose  axis  was  less  than  3.2  nua  apart  from  the  suction  area. 
Consequently,  the  measured  values  of  shear  stress  were 
assumed  to  be  those  for  a  diabatic  sucked  boundary  layer. 
Tests  were  started  by  investigating  the  effect  of 
temperature  level  in  the  mainstreara  on  the  recorded  skin 
friction  and  normal  pressure  distribution  around  the 
cylinder  perimeter. 
Heater  banks  were  switched  on  and  the  air  was  circulated 
through  the  tunnel  for  a  certain  flow  rate  that  would 
achieve  a  mainstreara  Reynolds  number  similar  to  that  used 
for  the  adiaba.  tic  cold  tests  (Chapter  8).  It  should  be 
mentioned  hýre  that,  although  the  Reynolds  number  was 
controlled  as  closely  as  possible  when  running  tests  from 
cold  to  hot  adiabatic  conditions,  the  recorded  parameters 
correspond  to  a  slightly  different  main  stream  Reynolds 
number.  These  slight  variationst  however,  were 
considered  to  be  satisfactox-I  within  the  accuracy  limits 
imposed  on  the  present  investigations  and  different  tests 
were  carried  out  under  similar  nominal  Reynolds  numbers. 
For  a  certain  air  flow.,  temperature  level  steady  state  was 
observed  on  a  double  pen  chart  recorder  together  with  the 
test  cylinder's  surface  temperature  reaching  the  main  flow 
temperature,  ExtrActing  hot  air  through  the  porous  walls 
was  carried  out  to  speed  up  the  heating  of  the  test  cylinder. 
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After  the  steady7state  was  reached,  the  free  stream  velocity 
was  adjusted  for  the  desired  Reynolds  number.  Shear  stress 
and  normal  pressure  distributions  around  the  cylinder  were 
correlated  to  the  Reynolds  nurd)er  based  on  the  cylinder 
diameter  and  the  flow  approach  velocity. 
Typical  distributions  for  two  teriperatures  are  shown  in 
figure  9.1  (a,  b).  Increasing  the  temperature  of  the  r,.  iain 
stream  decreases  slightly  the  shear  stress  on  the  frontal 
part  of  the  cylinder  associated  with  a  reduction  in  the 
corresponding  values  of  the  pressure  coefficient,  CP. 
Variations  in  the  air  terziperature  result  in  corresponding 
changes  in  its  kinematic  viscosity.  This  will  influence 
the  thickness  of  the  velocity  boundary  layer  and  will  lead 
to  variations  in  the  shear  stress  recorded  conpared  with 
that  for  colder  air  stream. 
It  is  also  clear  that  the  hot  adiabatic  conditions  have 
produced  a  less  steep  pressure  coefficient  gradient  around 
the  cylinder.  This  is  particularly  clear  in  the  region  of 
0=  50  0  to  1200  from  the  FSP, 
The  second  stage  of  the  investigation  was  to  study  the  effect 
of  the  main  streara  temperature  level  on  the  shear  stress  and 
normal  pressure  distributions  on  the  sucked  boundary  layer 
on  the  porous  surface. 
Typical  results  are  presented  in  figure  9.2  (a,  b)  for  two 
55  Reynolds  numberst  namel-y  0.47  x  10  and  0.7  x  10  As  in 
the  cases  without  suction,  local  values  of  the  shear  stress 
reduced/ 2809. 
reduced  on  the  frontal  portion  of  the  cylinder  with 
increasing  air  stream.  temperatures.  This  is  particularly 
clear  with  the  lower  Reynolds  number,  wLiere  local  shear 
stress  values  are  higher  and  differences  in  the  recorded 
magnitudes  can  be  observed. 
Adding  suction  shows  the  influence  of  the  air  stream 
teraperature  on  the  wall  shear  stress  in  the  region  of 
circulation  at  the  cylinder  rear.  Heating  the  main  stream 
and  increasing  its  kinematic  viscosity  will  tend  to 
decelerate  the  boundary  layer  which  may  lead  to  a  shift 
in  the  flow  separation  point.  However,  such  a  shift  was 
difficult  to  identify  due  to  the  unstable  nature  of  tile 
separation  point. 
The  next  step  in  the  investiUation  was  to  add  a  heat  flux 
across  the  gucked  boundary  layer  to  simulate  a  condensation 
process  where  both  heat  and  mass  transfer  processes  go  side 
by  side. 
. 
Since  the  governing  fluid  properties  are  the 
fluid  viscosityp  thermal  conductivity  and  density  are 
temperature  dependent,  variations  exist  across  the  boundary 
layer  if  there  is  a  temperature  difference  between  the  solid 
boundary  and  the  flowing  main  stream.  These  variations  would 
be  expected  to  affect  tfie  flow  in  the  boundary  layer. 
Flow  conditions  with  heat  and  mass  transfer  processes 
simultaneously  taking  place  at  the  solid  surface  is  a  bit 
complicated.  In  general,  applying  a  heat  flux  from  the 
main  streai-,  i  towardq  theL  cylinder  surface  to  the  tests  with 
mass  extractionj  adds  among  possibly  other  effects,  a  new 
parameter/...  S . 
purameter  to  the  boundary  layer,  i.  e.,  a  viscosity  gradient 
across  the  boundary  layer. 
;  ri(jures  9.3  to  9.5  are  typical  examples  of  the  results 
obtained  with  heat  and  mass  transfer  compared  with  those  for 
adiabatic  cold  flow  conditions.  Cooling  the  cylinder  surface 
lower  than  the  main  streaa,.  i  caused  an  increase  in  the  wall 
shear  stress  around  the  cylinder  circumference  relative 
to  the  adiabatic  sucked  boundary  layer  at  a  similar  main 
flow  Reynolds  number.  These  results,  as  far  as  the 
influence  of  cooling  is  concerned,  are  in  agreement  with 
other  investigators. 
Wazzan  (221)  showed  numerically  that  the  stability  of  a 
two-dimensional  incoqpressible  laminar  boundary  layer  flow, 
in  water,  is  enhanced  with  heating  the  solid  boundary  more 
than  the  main  stream.  Moreoverr  heating  the  wall  could 
cause  a  delay  for  the  flow  separation.  This  conclusion 
was  reached  numerically  by  Poots  and  Ragget  (222)  and 
experimentally  by  Smith  et  al  (223).  They  showed  that  by 
heating  the  solid  surface  of  a  circular  cylinder,  in  water 
flow,  the  laminar  flow  separation  would  shift  slightly 
towards  the  rear  stagnation  point.  In  fact,  Smith  et  al, 
indicated  that  heating  the  wall  cmi  substantially  increase 
the  ul  copponent  of  the  velocity  in  the  laminar  boundary 
layer  of  a  water  flow  past  a  hot  sphere.  With  AT  of  72.2  0  Ce 
a  maxii-Lium  increase  in  u  of  50  per  cent  in  the  boundary  layer 
occurs.  Furthermore,,  the  velocity  boundary  layer  thickness 
was  changed  only  slightly  by  heating  or  cooling. 
Since/.  . Since  the  air  viscosity  is  increased  by  heatingl  opposite  to 
the  effect  in  liquids,  it  would  be  expected  that  cooling 
the  cylinder  surface  in  air  flows  would  tend  to  delay  flow 
separation,  stabilise  the  flow  and  increase  the  u  component 
in  the  boundary  layer  velocity.  Therefore,  cooling  the 
present  test  cylinder  lower  than  the  air  flowing  stream 
temperature  would  enhance  the  acceleration  effect  of  the 
main  flow,  in  the  acceleration  region,  which,  depending  on 
the  flow  viscosityl  may  increase  the  wall  shear  stress. 
Back  et  al  (224),  used  a  Preston  tube  type  of  device  to 
measure  the  shear  stress  on  a  flat  plate,  whose  surface  was 
cooled,  in  an  airstream.  They  demonstrated  that  cooling  the 
solid  boundary  at  a  lower  temperature  than  the  air  stream 
temperature  has  the  effect  of  increasing  the  friction 
coefficient  above  the  constant  property  air  flow  values. 
The  increase,  in  the  friction  values,  above  the  adiabatic  case, 
with  cooling  amounts  to  about  20  per  cent  at  a  ratio  of  wall- 
to-free  stream  temperature  of  0.5. 
Examination  of  figures  9.3  to  9.5  shows  that  heat  transfer 
rate  and  the  wall  to  main  stream  temperature  ratio  are  not 
the  only  factors  influencing  the  flow  characteristics  around 
the  cylinder.  The  possible  effect  of  the  surface  temperature 
will  be  discussed  in  connection  with  the  distribution  of  heat 
transfer  coefficient  around  the  cylinder.  Unfortunately, 
this  point  was  not  fully  investigated  due  to  the  limitations 
imposed  on  the  present  studies  and  only  one  test  was  made  with 
three  temperature  levels  for  the  cooling  water.  This  will  be 
discussed  later  in 
ýhis'section. 
Therefore, 
. 
it  should  be 
understood/.., 2  9-2. 
understood  that-the  heat  transfer  part  of  the  investigation 
is  far  from  being  complete. 
It  is  worth  mentioning  that  the  pressure  coefficient  distributions 
were  simultaneously  measured  with  the  heat  transfer  and  shear 
stress  all  through  the  investigation.  It  was  expected  that 
pressure  distribution  taken  with  heat  transfer  towards  the 
cylinder  surface  would  be  different  than  that  for  adiabatic 
conditions.  By  comparing  the  pressure  results  under  those 
two  circumstances,  within  the  accuracy  of  the  measurements, 
no  significant  differences  were  found.  Accordingly  it  was 
decided  to  omit  the  presentation  of  the  pressure  distribution 
with  the  heat  transfer  for  the  sake  of  decreasing  the  number 
of  graphs  presented  in  this  thesis. 
The  distributi.  ons  of  heat  transfer  rate  around  the  cylinder 
circumferenýe  for  two  typical  flow  conditions  are  shown  in 
figures  9.6.  to  9.9.  Each  figure  contains  data 
collected  from  tests  carried  out  under  the  same  main  flow 
conditions  for  three  rates  of  air  extraction  and  show  the 
influence  of  mass  transfer  on  the  heat  transfer  distribution 
around  the  cylinder  perimeter. 
I 
Figures  number  9.6  and  9.1  demonstrate  the  heat  transfer 
5 
distribution  for  four  heating  loads  at  Re  =  0.47  x  10 
In  general,  the  local  values  of  the  heat  transfer 
coefficients  were  decreased  by  decreasing  the  heat  load  in 
the  tunnel.  On  the  other  hande  increasing  the  rate  of 
mass  eXbtraction  caused,.  over  the  investigated  range,  either 
no  or  slight  increase  in  the  local  heat  transfer  rate 
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recorded.  Indded  this  is  in  agreement  with  the  observations 
of  Boulos  and  Pei  (225).  Their  measurements  indicated  that, 
over  a  mass  transfer  parameter  CQVRN-e  range  similar  to  the 
present  one,  the  average  heat  transfer  rate  from  a  sphere 
I 
was  changed  very  slightly. 
The  way  in  which  the  heat  transfer  coefficient  was 
distributed  around  the  single  cylinder  under  the  present 
flow  conditions  needs  more  careful  consideration.  It  should 
be  emphasised,  however,  that  this  is  the  first  time  heat 
transfer  coefficient  has  been  measured  around  a  circular 
cylinder  while  there  is  a  simultaneous  mass  extraction 
taking  place  through  the  cylinder  surface. 
Kotake  (227)  analytically  derionstrated  that  the  increase  of 
the  normal  vel.  ocity  at  the  interface  of  a  liquid-gas  flow, 
associated  with  phase  changingr  modifies  the  velocity  and 
temperature  profiles.  For  the  case  of  evaporation,  these 
modifications  will  result  in  a  reduction  in  the  shear  stress 
at  the  interface  and  the  opposite  would  be  expected  in  the 
case  of  condensation. 
Luikov  (226)  in  describing  the  process  of  heat  and  mass 
transfer,  between  a  capillary  porous  body  and  the  main  flow 
stated  that,  the  process  mechanism  under  these  conditions 
are  very  complicated  and  cannot  be  described  by  the  common 
methods  of  heat  and  mass  transfer  of  matter.  Furthermore, 
he  showed  that  there  is  a  necessity  for  special  and 
detailed  experimental'-Lnvestigations  on  heat  and  mass  transfer 
mechanism  under  these  circumstances. 
I 
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Heat  transferred  to  the  cylinder,  from  integrated  local 
values,  was  checked  against  the  heat  transferred  by  the 
cooling  water  sprayed,  on  the  inside  surface  of  the  test 
cylinder.  The  calculated  sensible  heat  carried  away  with 
the  cooling  water  was  found  to  amount  only  to  about  20  per 
cent  of  the  measured  heat  transferred  to  the  cylinder. 
obviously,  the  rest  of  the  heat  transferred  must  have  been 
carried  away  by  some  sort  of  evaporative  cooling  of  the 
capillary  moisture.  In.  fact,  that  is  the  most  probable 
explanation  for  the  high  heat  transfer  coefficients 
obtained  in  the  present  tests  in  comparison  with  those  for 
the  net  heat  transfer  with  all  other  conditions  equal. 
This  explanation  agrees  with  the  investigations  of  Lebedev 
(228,229)  who  showed  that  the  transfer  of  moisture  in 
capillary-porous  bodyg  towards  the  surface  due  to  the 
moisture  content  gradient,  would  accelerate  the  molecular  heat 
transfer,  thus  causing  an  increase  in  the  heat  transfer 
coefficient  over  that  with  only  heat  transfer.  This  was 
also  confirmed  by  investigations  of  Finlay  and  Coworkers 
(230,,  231)  who  indicated  that,  depending  on  the  moisture 
content  in  the  main  mist  stream,,  the  heat  transfer  from  a 
heated  circular  cylinder  in  cross  flow  could-be  improved  by 
up  to  twenty  times  the  corresponding  dry  gas  values. 
In  the  present  casel,.  water  vapour  produced  in  the 
evaporative  cooling  process  should  be  either  carried  into 
the  inside  of  the  test  cylinder  or  carried  -away  through  the 
porous  surface  into  the  air  main  stream.  If  the  vapour 
was  carried  to  the  inside  of  the  test  cylinder,  it  would 
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either  condense  when  it  came  in  contact  with  the  coldor 
cooling  water  or  be  carried  away,  through  the  suction  line, 
outside  the  cylinder.  In  this  case,  the  heat  carried  by 
the  vapour  will  show  itself,,  by  condensation,  as  an  increase 
in  the  sensible  heat  of  the  cooling  water.  This  was  not 
the  case  and  coolinc  water  temperature  increase  accounted 
for  only  20  per  cent  of  the  heat  transferred  to  the  porous 
surface.  In  the  second  case,  the  vapour  would  be  partially 
condensed  in  passing  through  the  suction  tube  which  was 
surrounded  by  a  pool  of  cold  water  in  the  bottom  of  the 
test  cylinder  and  eventually  this  moisture  would  be 
separated  in  the  water  separator  fitted  to  the  suction  line. 
Ag  ain.,  that  was  not  the  case. 
In  fact,  if  the  water  vapour  was  sucked  instead  of  air 
from  the  main  -streamj,  then  the  suction  capacity  or  the  pressure 
drop  across  the  porous  wall  would  have  had  to  have  been 
increased  considerably  to  carry  away  the  produced  volume  of 
water  vapour,  On  the  other  hand,  the  recorded  magnitudes 
for  the  wall  shear  stress  indicated  that  air  was  being  sucked, 
not  water  vapour,,  from  the  external  main  flow.  The  values 
of  the  wall  shear  stress  obtained  were  higher  than  those 
measured  with  the  corresponding  adiabatic  flow  conditions 
with  other  conditions  equal.  These  neasurements  prove 
nothingr  but  the  presence  of  a  sucked  boundary  layer  similar 
in  nature  to  that  which  exists  under  adiabatic  conditions. 
obviously  this  situation  is  far  from  being  a  simple  onet  and 
the  above  discussi6n  shovis  that  the  conditions  on  the  cylinder 
surface  could  be  visualised  as  follows:  While  the  water 
vapour/.,, 2- 
vapour  was  released  into  the  main  stream,  the  sucked 
boundary  layer  on  the  porous  surface  was  active  and  did 
not  seem.  to  be  affected  by  the  vapour  transfer  from  the 
surface  towards  the  rnain  air  stream. 
This  puzzling  situation  was  clarified  in  the  light  of  the 
investigations  carried  out  by  Luikov  (226).  Ile  measured 
the  distribution  in  the  boundary  layer.  on  a  i;  ioistened 
porous  plate  in  a  stream  of  hot  air,  of  the  flow  velocity, 
temperature  and  vapour  partial  pressure.  His  measurements 
showed  that  the  vapour  was'.  in  fact,  moving  from  a  lower 
partial  pressure  at  the  solid  surface  to  the  highcr  one 
in  the  main  stream.  Consequently,,  lie  concluded  that  the 
water  vapour  pressure  cannot  be  considered  as  a  potential, 
of  mass  injection  into  the  boundary  layer.  This 
conclusion  wap  confirmed  by  Luikov's  measurements  of  the 
velocity  diýtribution  in  the  boundary  layer  over  the 
porous  surface  with  and  without  evaporation.  Over  a 
Reynolds  number  range  from  8000  to  100,000,  he  found  that 
the  mass  transfer  associated  with  the  evaporation  of  the 
moisture  in  the  surface  had  no  influence  on  the  velocity 
distribution  across  the  boundary  layer. 
On  the  other  hand,  Luikov  demonstrated  that  the  direction 
of  mass  transfer  depended  on  the  marked  difference  in 
molecular  mights  of  air  and  water  vapour  and  the  gradient 
of  the  kinetic  energy  (in  the  external  boundary  layer). 
Moreover,  it  vas  shown  to  be  theoretically  possible  for 
moisture  to  be  transferred  against  the  water  vapour  partial 
pressure  gradient  if  these  two  effects  are  suffiqýently 
large  (232). 297. 
Guided  by  Luikov's  observations,  it  seemed  reasonable  to 
assume  that  his  conclusions  are  also  valid  for  the  porous 
surface  with  a  normal-velocity  towards  the  surface.  In 
other  words,  the  velocity  distribution  across  the  sucked 
I I 
boundary  layer  was  assumed  not  to  be  influenced  by  the  water 
vapour  released  into  the  boundary  layer  and  the  present 
simulation  to  condensation  processes  was  valid. 
Figures  numbers  9.6  and  9.7  show  that  distribution  of  heat 
transfer,  starting  at  the  FSP  with  either  zero  or  positive 
gradient.  On  the  rear  of  the  cylinder,  the  heat  transfer 
coefficient  reaches  a  minimum  value  at  a  location  beyond 
the  point  of  flow  separ  ation.  The  lag  between  the  point 
of  minimum  heat  transfer  and  flow  separation  was  also 
noticed,  for  single  phase  flow,  by  Giedt  (44)t  Achenbach  (45) 
and  Schmidt  and  Wenner  (162). 
By  decreasing  the  heat  load,  in  the  working  section,  the  point 
of  minimum  heat  transfer  coefficient  was  moved  slightly 
towards  the  rear  of  the  cylinder  and  the  distribution  of 
the.  heat  transfer  coefficient  was  flattened  out.  Downstream 
of  the  point  of  minimum  coefficient  of  heat  transfer  there 
was  an  increase  in  the  local  heat  transfer  coefficient  due 
to  the  effect  of  vortices  being  shed  in  the  circulation 
region  which  encouraged  mixing  in  the  fluid  and  improved  the 
heat  transfer  in  this  region. 
Figures  9.8  and  9.9  demonstrate  the  distribution  of  heat 
transfer  coefficient  around  the  cylinder  surface  circumference 
5  for  Re  =  0.7  x  10  The  general  trend  shown  previously 
with/ 6. 
with  Re  =  0.47  R  10  5,  has  shown  itself  again  in  this  case. 
Figure  9.9.  a  ShOWS  the  effect  of  increasing  the  cooling 
water  temperature  on  the  heat  transfer  distribution  with 
other  conditions  equal.  Three  temperature  levels  for 
cooling  water  equal  to  15  0  C,  19  0C  and  22  0C  were  used  with 
CQvri-ze  equal  to  0.15,0.23  and  0.37  respectively. 
These  tests  were  carried  out  by  recirculating  the  cooling 
water  through  the  test  cylinder.  since  the  main  mechanism  of 
heat  transfer  in  the  present  set-up  was  the  evaporation  of 
sortie  of  the  cooling  water,  it.  is  clear  that  increasing  tile 
temperature  of  the  cooling  ,  V,  atcr  resulted  in  an  increase 
in  the  recorded  heat  transfer  rate.  Since  it  was 
demonstrated  that  the  suction  rates  used  have  no  or  slight 
effect  on  the  local  heat  transfer  coefficient,  therefore,, 
differences*  shown  in  figure  9.9.  a.  should  be  attributed  to 
the  influence  of  cooling  water  temperature,  sprayed  on  the 
inside  of  test  cylinder,  on  the  recorded  values. 
It  is  to  be  noticed  that  the  heat  transfer  coefficient  at 
the  rear  stagnation  point  was  very  similar  to  the 
corresponding  values  obtained  at  the  front  stagnation  point. 
Average  heat  transfer  coefficients  were  evaluated  by 
integrating  the  local  coefficients  distribution  of  the  type 
shown  in  figures  9.6  to  9.9.,  according  to  formula  number 
9.3.  When  the  average  values  so  obtained  are  plotted  against 
the  main  stream  temperature.,,  as  shown  in  figure  9.10,,  the 
data  form  curves  of  constant,  Reynolds  numbers. 
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It  is  clear  that  there  is  some  scatter  in  the  results  at 
the  heat  loads  tested.  Although  sor.,,  e  of  the  scatter  was 
probably-due  to  circuraferential  variations  in  the  recorded 
results,,  some  of  the  scatter  is  also  due  to  the  accuracy  of 
the  neasureraents  and  an  average  curve  drawn  through  the  data 
points  should  provide  a  good  description  of  the  results. 
Figure  9.10  shows  the  effect  of  the  air  stream  cross 
velocity  on  the  heat  transfer  coefficient  of  a  single  cylinder 
as  a  function  of  the  main  stream,  temperature,  heat  load  with 
Reynolds  number  as  a  parameter.  In  agreement  with  the 
observations  of  Furman  and  Hampbon  (207)  for  vertical  tube 
condenser,  the  overall  heat  transfer  rate  was  increased  by 
increasing  the  cross  flow  velocity. 
9.4.2.  Tube  bank  measurements 
Investigations  of  the  flow  characteristics  within 
the  staggered  bank  were  started  by  locating  the  instrumented 
porous  test  cylinder  in  the  middle  of  a  transverse  row  across 
the  tunnel  working  section.  Two  permanent  dummy  rows  were 
located  downstream  of  the  row  containing  the  test  cylinder 
to  simulate  the  natural  sequence  found  in  heat  exchangers. 
This  was  done  to  avoid  the  free  wakes  effect  encountered  in 
single  rows  of  cylinders  and  the  effect  of  deflected  gap 
flow  encountered  in  the  last  row  of  banks  with  tube 
spacings  used  in  practice  (94). 
For  a  certain  main  streara  flow  rate,,  the  approach  velocity 
to  the  row  concern6d  was  carefully  adjusted  to  be  as  close 
as  possible  to  that  used  in  the  adiabatic  tests.  Although 
an/... 3)G, 
an  effort  was  made  to  control  the  flow  rates,  for  similar 
values,  when  running  tests  from  row  to  row,  inevitably 
slight  dýfferences  were  noticed  for  different  rows  in  the 
tube  bank  tested.  However,  the  data  are  collected  and 
correlated  against  the  values  of  the  nominal  Reynolds  number. 
Moreover,  the  ten,  perature  1C-%-*vel  of  tie  air  main  flow  could  not 
be  maintained  constant  from  test  to  test  and  small  variations 
have  had  to  be  tolerated  during  the  investigation. 
For  a  specific  Reynolds  number,  normal  pressure  and  heat 
transfer  coefficient  distributions  together  with  those  of 
the  wall  shear  stress  were  measured  arotuid  the  cylinder 
circumference  in  5  degree  steps  following  the  procedure 
used  with  the  single  cylinder  in  section  9.4.1.  The 
recorded  value.  s  of  skin  friction  are  presented  as  a  fraction 
of  the  incoming  kinetic  energy  of  the  approach  velocity,,  as 
the  coefficient  of  wall  shear  stress  Kf*  The  local  values 
of  the  normal  pressurej  relative  to  the  kinetic  energy 
upstream  the  row,  was  calculated  as  the  pressure  coefficient 
CP.  The  values  of  the  local  coefficient  are  then  plotted 
as  functions  of  the  angle  0  measured  from  the  front 
stagnation  point. 
This  procedure  was  repeated  over  the  suction  and  heat  load 
ranges  used  in  the  investigation.  The  suction  rates  used 
were  the  same  all  the  way  through  the  whole  prograrmize  of 
study. 
r 
The-flov,  rate  of  the  main  flow  was  then  changed  and  the  whole 
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procedure  repeated  for  that  particuýar  row  in  the  tul)e 
arrangement  over  the  Reynolds  numher  range  covered  in 
present  work. 
By  changing  the  number  of  the  dummy  aluminium,  tube  rows 
upstream  of  the  row  containing  the  test  cylind(--r,,  with  the 
downstream  unaltered,  the  investigations  were  continued  and 
the  whole  previous  procedure  was  repeated  through  the  depth 
of  the  tube  bank  from  the  first  to  the  fifth  tube  row. 
9.4.2.1.  Flow  characteristics  in  the  tube  bank 
The  effect  of  increasing  the  temperature  level  of  the 
main  air  flow  on  the*wall  shear  stress  and  normal  pressure 
distributions,  conpared  with  adiabatic  cold  flow,  around 
individual  cylinders  in  the  lst,  2nd,  3rd,  4th  and  Sth  row 
of  the  staggered  tube  bank  is  shown  in  figures  9.11,9.21, 
9.31l  9.41  ahd  9.51  respectively. 
If  the  slight  differences  in  flow  rates  are  tolerated,,  then 
increasing  the  air  temperature  would  cause  either  no  or 
slight  change  in  the  shear  stress  on  the  frontal  part  of 
the  cylinders  in  different  rows  in  the  tube  bank.  Because 
of  the  interconnection  between  the  normal  pressure  and  the 
wall  shear  stress  under  these  conditionsie.  g.,  boundary 
layer  equationsi  similar  changes  were  also  observed  in  the 
recorded  values  of  the  pressure  distributions. 
on  the  cylinder  in  the  first  row,  the  trend  was  more  or  less 
similar  to  that  notýced.  for  a  single  cylinder,  and  shear 
stress  distributions  together  with  normal  pressure 
distributions/... 31  02. 
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distributions  sfiowed  a  slight  decrease  in  the  local  values 
with  adiabatic  hot  air  compared  to  the  adiabatic  cold  air. 
In  the  second  row  there  was  a  slight  increase  in  the  local 
wall  shear  stress  with  heating  of  the  air  stream.  This 
might  be  due  to  the  effect  of  the  hot  jet,,  high  viscosity,, 
discharged  from  the  straight  gap  between  adjacent  cylinders 
in  the  first  row,  on  the  recorded  values. 
For  the  third  row,,  the  changes  in  the  local  values  of  the 
wall  shear  stress#  with  changing  the  temperature  level  of 
the  main  stream#  were  not  significant  and  it  was  considered 
to  be  fairly  constant.  Sinilar  observations  were  also 
noticed  in  the  normal  pressure  distribution  in  that  row. 
The  fourth  andfifth  rows  showed  similar  characteristicst 
and  air  increase  in  the  wall  shear  stress  due  to  increasing 
the  temperature  of  the  air  strean  was  recorded. 
Examples  of  the  progressive  effect  of  the  main  stream 
temperature  level  on  the  wall  shear  stress  distribution 
around  the  cylinder  are  sho%-m  in  figures  9.12,9.22#  9.32, 
9.42  and  9.52  for  cylinders  in  the  lstj  2nd,  3rd,  4th  and 
Sth  tube  row  respectively.  These  figures  show  that  the 
effect  of  increasing  the.  air  temperature,  wit1i  air 
extractiont  varies  along  the  depth  of  the  tube  bank. 
First  and  second  tube  rows  showed  characteriStiCB  similar  to 
those  observed  witIr  a  single  cylinder  and  local  shear  stress 
on  the  frontal  portion  of  the  cylinder  in  these  rows  was 
reduced/... 303. 
reduced  by  raisling  the  temperature  of  the  main  stream.  In 
the  rear  of  the  cylinder's  circulation  region,  local 
negative.  values  of  the  wall  skin  friction  were  increased  with 
, 
increasing  air  temperature.  On  the  third  row,  the  wall 
'shear  stress  could  either  slightly  decrease  or  increase  with 
increasing  air  tonperature.  Again  fourth  and  fifth  rows 
showed  similar  behaviour  and  local  shear  stress  was 
slightly  increased  with  increasing  the  main  flow  temperature. 
The  influence  of  adding  heat  flux  to  the  sucked  boundary 
layer,  on  the  skin  friction  within  the  tube  bank  for 
different  heat  loads  is  presented  in  figures  9.13  to  9.15, 
9.23  to  9.25,9.33  to  9.35;  9.43  to  9.45  and  9.53  to  9.55 
for  the  successive  rows  from  the  first  to  fifth  tube  row 
respectively, 
The  general  trend  in  these  figures  is  an  increase  in  the 
recorded  wall  shear  stress  with  the  diabatic  sucked  boundary 
layer  over  that  with  the  adiabatic  cold  tests.  These  are 
similar  for  the  five  rows  in  the  bank  and  consistent  with  the 
single  cylinder  observations, 
On  the  rear  side  of  the  cylinderst  after  the  flow  is 
separated  from  the  surface,  the  negative  values  of  the  local 
shear  stress  were  enhanced  with  the  diabatic  flow  over  those 
with  the  corresponding  adiabatic  cold  stream.  Corresponding 
variations  in  the  normal  pressure  distributions,  however, 
were  not  observed  and  pressure  coefficients  around  the 
cylinder  were  very  similar  to  those  rwasured  using  adiabatic 
hot  flow. 
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A  question  could  be  raised  here  about  the  circulation  region 
with  reversed  flow,  in  the  present  study  at  the  rear  of  the 
cylinders  and  how  far  it  simulates  the  actual  case  in  a 
surface  vertical  tube  condenser.  The  answer  lies  in  the 
observations  of  Furman  and  Hampson  (207)  with  actual 
condensation  on  a  vertical  tube.  On  the  rear  of  the 
cylinder,  after  the  break  away  linest  they  noticed  that 
there  was  a  movement  of  condensate  drops  towards  the  break 
away  lines.  In  other  words,  similar  to  single  phase  flow, 
there  was  a  reverse  flow  in  the  "circulation  region". 
Similar  observations  were  noticed  by  'Finlay  and  McMillan 
(230)  who  found  that  liquid  droplets  on  the  rear  of  the 
cylinder,  in  a  cross  mist  flow#  were  moving  towards  the 
separation  point  of  the  water  film  that  was  formed  at  the 
forward  portion  of  the  cylinder  with  Reynolds  number  29000 
to  95000. 
It  can  be  noted  that  the  flow  conditions  within  the  tube  bank,, 
JLn  generall,  were  of  the  unsteady  type  and  the  recorded  local 
values  were  temporal  values.  Consequently,,  the  small 
movements  for  the  point  of  flow  separation  were  expected 
I 
and  for  each  flow  condition  there  was  a  flow  separation  region 
rather  than  a  fixed  separation  point. 
The  existence  of  a  separation  region  was  also  confirmed  with 
the  observations  of  Bloor  (233)  when  a  periodic  laminar  flow 
was  observed  inside  the  separated  boundary  layer  at  Re  -  450oo. 
Furthermore#  the  investigations  of  Finlay  and  McMillan  (230) 
sh(wed  that  t14  ridgep  at  which  the  water  film  formed  on  the 
fortiard  part  of  a  heated  cylinder  in  a  transverse  mint  flow,, 
was/. ￿-3,  )-)' 
was  unstable  and  continually  receded  and  advanced  with  a 
frequency  of  notion  which  increased  with  iiicreasing  the 
mist  flow  velocity. 
Unfortunately,,  the  non-existence  of  a  fixed  separation  point 
makes  it  difficult  to  identify  the  individual  effect  of  heat 
transfer  on  this  region.  It  seens,  however,  that  the  suction 
rate  togeUier  with  the  powerful  influence  of  the  strong 
adverse  pressure  on  the  back  of  the  cylinder  plays  the  major 
part  in  determining  the  characteristics  of  flow  separation. 
And  this  corabined  effect  cannot  be  significantly  influenced 
by  the  properties  variations  of  the  boundary  layer  flows. 
Accordingly,  the  small  movements  recorded  for  the  flow 
separation  point  were  considered  to  be  within  the  separation 
region  observed  at  any  particular  test. 
9.4.2.2.  Ileat  distribution  in  the  tube  bank 
Distribution  of  heat  transfer  coefficient  around 
first  tube  in  the  bank  is  shown  in  figures  9.16  to  9.19. 
As  a  comon  feature,  in  these  figures,  the  auction  rate  has 
either  no  or  very  little  influence  on  the  heat  transfer 
coefficient  distribution  around  a  cylinder  in  the  first  row 
in  the  tube  bank.  The  progressive  reduction  in  the  local 
values  of  heat  transfer  rate  as  a  result  of  reducing  the  heat 
load  on  the  working  section  is  quite  noticeable. 
The  distribution  starts  at  the  forward  stagnation  point, 
Re  =  60,,  000,,  with  either  zero  or  positive  gradient,  increases 
to  about  0-  609  (Waxin*m  shear  stress  area  in  figure  9.11a) 
and  then  drops  gradually  to  a  minimun.  at  or  near  the  rear 
stagnation/... stagnation  pointý.  This  point  of  minimum  'lleat  transfer 
coefficient  was  located  beyond  the  flow  separation  point, 
about  30.  degrees  downstrew  the  corresponding  point  on  a 
single  cylinder. 
Ficjures  9.18  and  9.19  show  the  heat  transfer  coefficient 
distributions  for  the  first  row  at  Re  =  10  5, 
the  Reynolds 
numbers  were  determined  as  shown  in  Chapter  7.  At  this 
Reynolds  nwaber  there  is  a  relative  minimum  value  of  the 
heat  transfer  coefficients  at  the  forward  stagnation  point, 
increased  gradually  to  reach  a  maximum  around  the  area  of 
maximum  wall  shear  stress,  e.  g.,  figures  9.13  to  9.15. 
Thereafter,  there  is  a  continuous  reduction  in  the  heat 
transfer  coefficient  until  it  reaches  a  minimum  at  or  near 
the  rear  stagnation  point  of  the  cylinder  at  a  location 
beyond  the  point  of  f1mi  separation. 
In  this  row,  variations  in  the  present  suction  rates  have 
little  to  contribute  to  the  heat  transfer  coefficient  around 
the  cylinder  circumference.  The  coefficient  of  heat  transfer 
at  the  rear  stagnation  point  varies  from  about  50  to  100  per 
IC6. 
cent  of  the  values  at  the  front  stagnation  point  with  increasing 
the  flow  Reynolds  number.  For  a  particular  Reynolds  number, 
the  dominating  factor  influencing  the  local  values  was  the 
heat  load  on  the  working  section  (air  stream  tenperature). 
Figure  9.20  shows  the  average  coefficient  of  heat  transfer 
obtained  by  integrating  the  local  values  around  the  cylinder 
perineter  using  expression  9.3.  the  scatter  of  the  data 
(as  shown  in  that  figure)  was  due  to  experimental  sources  of 
6rror/.,, 3'-d  7. 
error,,  accuracy-of  measurements  and  integration  procedure.  .A 
Nevertlieless,  the  curves  drawn  through  these  points  provide 
a  description  of  the  results.  These  show  that  the  average 
coefficient  of  heat  transfer  was  controlled  mainly  by  the 
cross  flow  velocity  and  the  main  stream  air  teriperature. 
For  a  specific  heat  load,  and  air  temperature,  increasing 
the  Reynolds  number  resulted  in  an  increase  in  the  coefficient 
of  heat  transfer. 
The  distribution  of  heat  transfer  rate  around  a  cylinder  in 
the  second  row  in  the  tube  bank,,  is  shown  in  figures  9.26 
and  9.27  for  Re  -  76#000.  The  continuous  reduction  in  the 
measured  coefficient  of  boat  transfer,,  h.  with  decreasing 
the  main  stream  temperature  is  quite  noticeable. 
In  this  row,,  the  distribution  started  at  the  front  stagnation 
point  then  ificreased  to  reach  a  maximum,  around  the  peak 
region  of  the  shear  stress  distribution  figure  9.21. 
Thereafter,  the  heat  transfer  rate  decreased  slowly  to  its 
minimum  at  or  near  the  rear  stagnation  point  close  to  the 
area  of  minimum  wall  shear  stress. 
Figures  9.28  and  9.29  demonstrate  the  variations  in  the 
values  of  h0  around  the  cylinder  for  Re  -  1.3  x  105.  The 
effect  of  suction  rate  on  the  heat  transfer  distribution,, 
which  was  not  clear  at  the  three  main  extraction  rates  used 
previously,  was  investigated  further  by  reducing  the  suction 
rate  to  the  loviest  possible  magnitude.  In  this  context, 
the  lowest  possible.  rat4k  means  that#  lower  than  this  rate 
cooling  water  from  inside  the  porous  tube  (under  capillary 
action/.  .*I 3 
Z)  6. 
action  without  a-ir  flowing  through  the  tunnel)  was  observed 
on  the  outer  surface  of  the  test  cylinder  as  water  inoisture. 
For  these  conditions,  the  lowest  possible  rate  of  suction 
parameter  reached  was  COVR'-e  =  0.01. 
From  figure  9.28a,  itJs  clear  that  this  minimum  suction  rate 
produced  lower  values  from  the  local  heat  transfer  rates. 
Comparison  between  these  values  with  those  obtained  with  the 
next  highest  suction  rate,  i.  e.,,  CQ/R-e  =  0.1,  shows  that 
although  the  variations  in  the  suction  rates  were  ten  times, 
variations  in  the  heat  transfer  was  about  20  per  cent.  In 
fact,  a  general  correlation  for  the  effect  of  suction  rates 
on  the  heat  transfer  rate  was  not  reached. 
A  closer  look  at  figures  9.28  and  9.29  in  relation  to  figures 
9.24b,,  9.25b  demonstrates  a  possible  relationship  between  the 
heat  transfet'and  flow  distribution  around  the  cylinder 
perimeter. 
It  is  clear  that  the  value  of  h.  increased  to  reach  a  peak 
value  in  the  peak  region  of  the  shear  stress  distribution. 
The  gradual  reduction  from  this  peak  towards  the  rear  of 
the  cylinder  was  very  similar  to  the  reduction  in  the  values 
Of  NOV  Whenever  a  steep  gradient  in  the  value  of  Kf  was 
observed  a  steep  gradient  in  the  heat  transfer  distribution 
was  also  observed.  The  value  of  h0  reached  minimum  10  degrees 
downstream  of  the  region  of  diminishing  value  of  ]Kfe 
The  second  peak  value  appoared  in  figure  9.28a  and  was,  in 
fact,,  there  all  the  time.  It  is  identifiable  even  with  the 
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lowestsuction  rate  used.  These  second  peaks  became  more 
obvious  with  the  increasing  rate  of  air  extraction. 
Furthormore,,  changes  in  the  applied  heat  load  did  not  cause 
changes  in  the  general  features  observed  with  higher  loads. 
For  a  cylinder  in  the  second  row  in  the  bank,  heat  transfer 
coefficient  at  the  rear  stagnation  point  was  always  less  than 
the  corresponding  values  recorded  at  the  front  stagnation 
point  for  all  the  tests.  Increasing  the  Reynolds  number  results 
in  a  further  relative  reduction  of  this  at  the  rear  compared 
with  that  at  the  FSP. 
The  average  heat  transfer  coefficients  hav,  for  a  cylinder 
in  the  second  row  is  sho%.  m  in  figure  9.30.  This  was 
obtained  from  the  integration  of  the  local  values  of  the  heat 
transfer  coefficient  distributiont  h,  t  as  shown  in  figures 
9.26  to  9.21  and  plotted  against  the  main  stream  air 
temperature,  with  the  Reynolds  number  as  a  parameter. 
Within  the  scatter  of  the  points,  average  curves  drawn 
through  them,,  show  that  hav  is  increasing  with  Reynolds  number 
and  air  temperature  (heat  load). 
The  distribution  of  heat  transfer  coefficient  around 
cylinder  located  at  the  third  row  in  the  tube  bank  is  shown 
in  figures  9.36  to  9.39.  A#eneral  feature  is  the  small 
effect  of  the  auction  rate  on  the  recorded  values  of  h,, 
Althought  sometimes,  a  slight  effect  does  exist,  a  general 
relationship  between  these  two  parameters  could  not  be 
deduced.  Indeadvsuction  rate  variations  might  have  an 
effect  on  the  values  of  h  using  higher  rates  than  those 
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presently  used.  However,  the  small  variations  in  the  recorded 
coefficient  of  heat  transfer  for  the  present  range  of  mass 
transfer.  agreed  with  the  results  of  Boulos  and  Pei  (225). 
Figures  9.36  and  9.37  show  the  measured  values  of  h0  around 
the  cylinder  circumference  for  Re  =  60,000.  The  distribution 
begins  at  the  forward  stagnation  point  with  a  relative  minimura 
value  which  increases  with  increasing  angle  0  to  reach  some 
higher  values  in  the  neighbourhood  of  the  FSP.  It  is  then 
slightly  reduced  and  then  increased  again,  with  increasing  0, 
to  reach  a  second  peak  around  0=  100  0  from  FSP.  In 
connection  with  the  distribution  of  the  wall  shear  stress,  Kf 
in  figure  9.33a,  it  is  possible  to  notice  thaL  there  is  a  second 
peak  in  Kf  values  around  90  degrees 
peak  for  Kf  is  a  weak  one,  figure  9 
it  is  the  sheag  stress  distribution 
its  top.  In  fact,  the  second  peak 
9.35a  with  a  small  inflection  at  0 
from  FSP.  Although  the 
.  34a,  it  still  exists  and 
which  is  flattened  out  at 
is  also  shown  in  figure 
0  90 
Unlike  the  second  row,  a  cylinder  located  at  the  third  row  in 
the  bank  showed  a  ninimum  value  of  he  which  is  delayed 
downstream  of  the  flow  separation  point  by  30  to  40  degrees 
and  then  it  increases  again  until  it  reaches  the  rear 
stagnation  point.  The  recorded  magnitudes  for  the  heat 
transfer  coefficient  at  0=  180  0  were  always  less  than  the 
0 
corresponding  magnitudes  neasured  at  e=0 
Figures  9.38  and  9.39  demonstrate  the  distribution  of  h  ()  in 
the  third  row  at  Re  =  94,000.  These  figures  show  that  h 
started  at  the  F$P  with,  a  relative  minimum  which  increased 
with/... 311. 
. 
with  increasing  angle  0.  The  appearance  of  two  peaks  in 
the  11 
6 
distribution  is  noticeable  especially  at  the 
highest-heat  load,,  investigated  as  shown  in  figure  9.38a. 
In  relation  to  the  wall  shear  stress  distribution,  this 
seems  to  be  due  to  the  influence  of  the  flow  distribution 
around  cylinders  in  that  row.  After  the  second  peak  is 
reached,  values  of  11  0  rapidly  decrease  to  reach  minimun, 
value  downstream  of  the  corresponding  separation  point, 
thereafter  increasing  again  slowly  until  reaching  the  rear 
stagnation  point. 
The  heat  transfer  coefficient  at  the  rear  stagnation  point 
was  comparable  with  that  at  the  rsp  when  Re  60,000,  but 
it  became  less  than  that  at  the  rsp  for  Re  94,000. 
The  average  heat  transfer  coefficient  over  a  cylinder  in  the 
third  row  is  shown  in  figure  9.4.0.  plotted  against  the  main 
stream  air  temperature  for  the  Reynolds  numbers  tested. 
This  row  shows  the  common  features  for  the  previous  rows 
and  the  values  of  hav  increase  with  increasing  Reynolds 
number  and  air  temperature. 
The  distribution  of  heat  transfer  coefficient  on  the 
cylinder  circumference  at  the  fourth  row  in  the  tube  bank 
is  shown  in  figures  9.46  to  9.49.  These  will  be  analysed 
in  relation  to  the  wall  shear  stress  distribution  obtained 
in  the  same  tests. 
It  is  clear  that,  even  with  no  air  extraction  as  in  figure 
9.41a,,  there  are'tvio  peýLks  in  the'shear  stress  distribution 
and  it  is  their  relative  ii-tagnitudes  which  change  whenever 
suction/.,, 312. 
suction  is  appried.  Although  with  suction  there  is  a 
tendency  for  the  distribution  to  flatten  these  two  peaks 
together.  with  the  area  between  thern,  the  peaks  are  still 
identifiable.  Accordingly,  it  would  be  expected  that  the 
h6  distributions  would  have  peaks  corresponding  to  those 
observed  in  the  Kf  distribution.  However,  they  might  be 
delayed  or  lag  behind  the  peaks  in  the  wall  shear  stress. 
The  recorded  local  heat  transfer  coefficients  show  that,  indeed, 
that  was  the  case.  This  showing  itself  clearly  with  the 
highest  heat  load  used  (e.  g.,  figures  9.46  to  9.49).  By 
decreasing  the  mainstream  air  temperature,,  the  heat  transfer 
distribution  gets  flattened  out  and  the  peaks  gradually 
became  difficult  to  identify,  possibly  due  to  the  accuracy 
of  measurements.  Since  figures  9.48a,  b  and  9.49a,  b  are 
plotted  from  data  collected  under  the  same  flow  conditions, 
the  incoming  air  temperature  was  the  only  variable  encountered, 
there  was  no  obvious  reason.  why  all  of  them  should  not  show 
some  common  main  features.  Therefore,  the  vanishing  peaks 
could  be  only  attributed  to  the  accuracy  of  heat  transfer 
raeasurentents  whose  value  was  estimated  to  be  about  15  per 
cent. 
Local  values  of  h.  j  recorded  at  the  FSP  for  a  cylinder  in  the 
fourth  row,  showed  a  value  whose  magnitude  increased  with 
increasing  angle  0  to  reach  its  first  maximum  peak  on  the 
front  of  the  cylinder  and  reached,  its  second  peak  at  about 
0=  100  degrees  from  the  FSP  which  nearly  corresponds  to  the 
second  peak  location  in.  the  Xf  distribution.  After  the 
second  peak  for  he  is  reached,  it  drops  gradually  to  reach a  minimum  value  downstream  of  t1he  f  low  separation  point  by 
about  30  degrees  towards  the  rear  stagnation  point  and  then 
0  increased  again  until  it  reached  0=  130 
Magnitudes  of  heat  transfer  coefficient  at  the  rear  of  the 
cylinder  in  that  row  were  very  similar  to  those  recorded 
at  the  FSP  with  Re  =  56,000.  Increasing  the  Reynolds 
number  to  10 
5, 
caused  the  rear  stagnation  point  heat 
transfer  coefficient  to  be  lower  than  the  corresponding 
values  at  the  front  stagnation  point. 
Integration  of  the  h0  distribution  such  as  in  figures  9.46 
to  9.49,  yield  the  average  heat  transfer  coefficients  for  a 
cylinder  in  that  row.  Similar  to  the  trend  found  with 
previous  rows,  the  heat  transfer  coefficient  increased 
with  increasing  Reynolds  number  and  heat  load  in  the 
working  section. 
Data  obtained  for  the  fifth  rows  in  the  bank,  presented 
in  figures  9.56  to  9.59,  show  the  h0  distributions  at 
5 
Reynolds  number  equal  to  60,000  and  10  These  figures 
together  with  the  wall  shear  stress  distributions,, 
I 
simultaneously  measured  under  the  same  flow  conditions, 
show  a  general  behaviour  which  is  similar  to  that  noticed 
on  the  fourth  row. 
At  the  front  stagnation  point,  the  value  of  h  is  a  relative 
minimum  whose  value  increases  with  angle  0  to  reach  its  first 
peak  in  the  neiqhbbiirh6bd  of  the  rsp,  then  decreases  slightly 
on  the  middle  part  of  the'forward  half  of  the  cylinder. 
Thereafter/.,  4, 314. 
Thereafter,  heatý  rate  increases  again  to  reach  another  peak 
which  corresponds  to  the  area  of  the  second  peak  in  the  wall 
shear  stress  distribution  at  'about  0=  100  0  from  FSP.  Heat 
rate  drops  thereafter  to  reach  its  minimum  value  at  a 
position  downstream  the  corresponding  point  of  flow 
separation  by  about  30  deUrees  towards  the  rear  stagnation 
point  where  its  value  starts  to  increase  until  it  reaches 
0  180 
The  magnitude  of  second  peak  in  h  distributions  was  slightly 
higher  than  that  close  to  the  FSP  at  Re  =  60,000.  Increasing 
the  Reynolds  number  caused  the  second  peak  to  reach  even 
higher  values  than  those  recorded  at  the  FSP. 
Values  of  he  at  the  rear  stagnation  point  are  very  similar 
to  those  measured  at  the  FSP  for  Re  =  60.0oo.  With  a 
higher  Reynolds  number,  h  at  the  rear  of  the  cylinder  becomes 
lower  than  the  corresponding  values  at  e  oo. 
It  is  noticed  that  the  variations  in  the  suction  rates 
tested  had  little  influence  on  the  heat  transfer  characteristics 
and  a  general  correlation  for  this  influence  could  not  be 
deduced. 
The  average  heat  transfer  coefficient  for  a  cylinder 
located  in  the  middle  of  the  fifth  row  was  obtained  by 
integrating  the  distribution  of  local  values  using 
expression  9.3  and  results  are  shown  in  figure-9.60.  In 
accordance  with  the  general  characteristics  of  the  previous 
rows,  heat  transfer  coefficient  for  that  row  increases  with 
increasing/... 315. 
increasing  flow  Reynolds  n"  er  and  air  temperature. 
9.5.  Summary  and  discussions 
Heat  and  mass  transfer  were  used  simultaneously  to 
simulate  a  condensation  process  in  a  vertical  heat  exchanger 
model.  on  a  single  cylinder  and  a  seven  rows  deep 
staggered  tube  bank,  detailed  investigations  were  carried 
out  to  measure  simultaneously  the  distributions  of  norinal 
pressure,  wall  shear  stress  and  heat  transfer  coefficient 
around  the  circumference  of  the  test  cylinder.  For  the 
tube  bank  tested,  this  was  carried  out  for  the  middle 
cylinder  in  a  transverse  row  from  first  to  fifth  rows. 
Stable  flow  characteristics  for  fourth  and  fifth  rows 
indicated  that  they  could  resemble  deep  rows  in  the  tube 
bank  and  no  justification  was  found  to  proceed  further 
beyond  the  fifth  row  in  the  present  study. 
Data  for  single  cylinder  showed  thatr  increasing  the  air 
temperature  in  an  adiabatic  flow  caused  slight  reduction 
in  the  local  wall  shear  stress  compared  with  the  adiabatic 
cold  flow.  This  was  also  the  case  when  suction  was 
applied  to  the  cylinder  surface  and  Kf  values  were 
decreased  with  increasing  the  air  temperature  in  a  diabatic 
flow  at  a  similar  Reynolds  number.  Moreover,  the  negative 
shear  stress  values  at  the  rear  of  the  cylinder  were 
increased  with  raising  air  temperature  levels. 
Adding  heat  transfer  across  the  sucked  boundary  layer  caused 
an  increase  for  b9th  x-fall,  shear  stress  values  on  the  front 
and  rear  of  the  cylinder 
'compared 
with  the,  constant 
property/.,, 316. 
property  flow  conditions. 
The  influence  of  properties  variations  on  the  flow 
separation  point  from  the  cylinder  surface  was  not 
noticeable  and  the  small  movements  recorded  for  the 
separation  point  were  considered  to  be  within  the 
separation  reUion  observed  at  any  particular  flow  conditions. 
It  was  concluded  that,  within  the  present  range  of 
variables,  suction  rate  and  adverse  pressure  on  the  rear 
of  the  cylinder  are  the  dominating  factors  in  determining 
the  flow  separation  compared  with  the  possible  effect  of 
properties  variations  across  the  boundary  layer. 
Distribution  of  he  p  around  single  cylinder,,  had  either  ze 
I 
ro 
or  positive  gradient  at  FSP  with  a  tendency  of  reaching 
higher  values.  in  the  region  of  higher  values  in  the  Kf 
distributic;  ý. 
Values  of  h  reached  minimum  at  locations  downstreara  of  the 
e 
flow  separation  point,  and  heat  transfer  coefficients 
recorded  at  the  rear  stagnation  point  were  very  similar 
to  the  corresponding  values  at  FSP. 
Results  for  the  tube  bank,  indicated  that  the  influence  of 
raising  air  temperature  levell  adiabatic  flowt  is  different 
with  the  row  position  insidethe  bank  and  in  particular 
when  suction  was  applied  to  the  test  cylinder.  Compared 
with  cold  flow  copditiona-p  this.  caused  a  reduction  in  the 
11%  f  magnitudes  on  first-and  second  rows  in  the  tube  bank. 
On  a  cylinder  in  the  third  row,  the,  variations  in  l,,  f  were 
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eithex  towards  no  or  slight  reduction  corapared  with  cold 
adiabatic  flow  conditions.  For  the  fourth  and  fifth 
rovis  there  was  an  increase  in  the.  K  f  magnitudes  relative 
to  the  cold  flow  conditions  at  similar  Reynolds  number. 
Applying  a  heat  flux  across  the  sucked  boundary  layer  results, 
in  general,  in  an  increase  in  the  recorded  wall  shear  stress 
around  the  test  cylinder  all  the  way  through  the  investigated 
depth  of  the  tube  bank. 
The  influence  of  adding  heat  transfer  to  the  boundary  layer 
I 
on  the  flow  separation  on  cylinders  in  different  rows  was 
not  confimed  and  the  little  movements  of  the  separation 
point  were,  in  fact,  within  the  separated  region  at  any 
particular  air  flow  rate.  This  agreed  with  the  observations 
of  other  investigators  who  showed  that  this  region  can  cover 
as  much  as  10  degrees  arc  on  the  cylinder  surface  (85). 
Similar  to  the  single  cylinder  case,  suction  rate  and 
adverse  pressure  on  the  back  of  a  cylinder  within  the  bank 
are  determining  the  flow  separation  characteristics  and  the 
effect  of  property  variation  could  be  negligible  compared 
to  their  combined  influence. 
For  the  five  rows  investigated,  heat  transfer  coefficient 
was  a  relative  minimum  on  the  FSP  which  increased  with 
angle  0  to  reach  maximum  wherever  the  wall  shear  stress 
distribution  showed  a  maximum.  Moreovert  the  point  of 
minimum  heat  transfer  coefficient  was  located  downstream 
of  the  flow  separAtion  point  by  up  to  30  degrees  towards 
the  rear  stagnation  point  of  the  test  cylinder. 
I 
Values/.  . 313. 
0- 
Values  of  h0  at--O  =  180  relative  to  that  at  FSP  in  the 
front  portion  of  the  tubc  bank  were  different  than  those 
recorded  deep  inside  the  bank.  First,,  second  and  third 
rows  showed  11 
0  at  0=  1800  which  was  less,,  in  general, 
than  the  corresponding  value  recorded  at  0=00.  Cylidinders 
in  the  fourth  and  fifth  rows  showed  similar  characteristics 
to  those  noticed  with  a  single  cylinderf  and  h0  at  the  rear 
stagnation  point  were  very  similar  to  those  measured  at  rsp. 
As  far  as  the  heat  transfer  distribution  along  the  depth  of 
the  tube  bank  is  concerned,  data  for  different  rows  from  different 
tests  are  replotted,  within  the  measurements  accuracy 
which  is  estimated  to  be  about  15  per  cent,  to  show  different 
row  heat  transfer  characteristics.  Results  for  the  average 
heat  transfer  coefficient  over  the  tube  bank  are  shown  in 
figures  9.61,9.62  and  9.63  for  the  three  main  extraction 
vel'Ocities,,  *Vw,,  used  in  the  study  0.012,0.018  and  0.025  m/s 
respectively.  Within  the  scatter  of  the  data?  the  general 
heat  transfer  characteristics  along  the  depth  of  the  tube 
bank  are  shown  as  hatched  area. 
From.  these  figures,  it  is  quite  clear  that  the  average  heat 
transfer  coefficient,  hav;  increases  rapidly  from  first  to 
third  row,  then  drops  towards  the  fourth  row  and  with  a 
decreasing  gradient  it  reaches  the  fifth  row.  As  would  be 
expected,  all  these  values  were  greater  than  those  obtained 
for  a  single  cylinder  with  all  other  flow  conditions  equal 
and  hav  obtained  for  the  first  row,  wer  e  about  10  to  20  per 
cent  lower  than  th4t  measured  for  a  deep  row  in  the  bank,, 
e.  g.,  fifth  row.  This  is  probably  due  to  the  high 
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turbulence  levek  in  the  incoming  air  stream,  rjL.  L. 
The  peaks  in  hav  at  the  third  row  are  similar  to  those  found 
by  Snyder  (136)  in  his  analysis  for  the  work  of  Thomson  et 
al  (154).  While  Snyder's  own  results  showed  a  constant 
value  for  hav  between  the  third  and  fourth  rows,  the 
present  results,  in  general,  are  in  agreement  with  those 
found  by  Thomson  et  al.  Their  results  showed  a  gradual 
continuous  reduction  in  the  rate  of  heat  transfer  from  the 
third  to  the  sixth  row  in  the  tube  bank.  This  is  possibly 
due  to  the  fact  that,  the  sixth  row  in  their  experiments  was 
the  last  row  in  the  bank.  That  is  clear  from  the  present 
results  where  the  reduction  in  hav  between  fourth  and  fifth 
rows  is  less  than  the  reduction  in  the  average  heat  transfer 
coefficient  between  third  and  fourth  rows. 
The  change  in  the  heat  transfer  characteristics  of  the  bank 
at  the  third  row  was  also  observed  with  the  wall  shear  stress 
measurements  for  the  sucked  boundary  layer  under  the  influence 
of  hot  adiabatic  flow  when  first  and  second  rows  on  one  side 
behaved  differently  fron,  the  fourth  and  fifth  rows  on  the 
other.  This  change  in  character  across  the  third  row  was 
noticed  from  the  measurements  of  wall  shear  stress  and 
pressure  drag  for  different  rows  in  the  bank  (described  in 
Chapter  7).  The  high  drag  measured  for  the  first  row, 
which  could  be  attributed  to  the  effect  of  laminar  flow  due 
to  free  air  streaming  results  in  a  low  heat  transfer 
coefficient.  At  the  second  and  third  rows  the  flow 
turbulence  increasqs  an4  results  in  an  increase  in  the 
value  of  hav. 
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As  a  general  feature  of  this  chapter,,  thereywas  a  sitiall  effect 
from  the  suction  rates  used  on  the  variations  of  the  lie-at 
transfer-coefficient.  Due  to  the  limited  range  of  suction 
data  obtained,  it  was  not  felt  a  realistic  correlation  of 
this  data  could  be  made. 
Finally,  it  is  important  to  mention  here  that  the  investigation 
under  diabatic  flow  conditions  is  by  no  means  complete  and  it 
is  hoped  that  the  data  presented  in  this  chapter  would 
contribute  towards  a  better  understanding  of  the  flow  through 
staggered  tube  bwiks  surface  condensers.  More  investigations 
on  this  side  of  the  preserit  work  are  needed  to  cover  more 
heat  loads  and  suction  rates  under  smaller  Reynolds  numbers, 
preferably  comparable  to  those  found  normally  in  an  actual 
surface  condenser. 
As  the  experiments  with  heat  and  mass  transfer  were  carried 
out  at  three  vaýues,  somtimes  only  two,  of  the  Reynolds 
number,  a  correlation  which  would  satisfactorily  relate  the 
heat  transfer  coefficient  to  the  flow  Re  was  not  reached. 321.1 
CHAPTER  10 
FLOW  VISUALISATION 
10.1  Introduction 
Many  investigations  have  been  made  to  study,  by  means 
of  flow  visualisation,  the  flow  that  passes  across  circular 
models,  whether  a  sing  le  cylinder  or  a  group  of  cylinders, 
e.  g.,  Zdravkovich  (256,257).  These  studies  have  been 
carried  out  at  low  Reynolds  numbers  <  300,  to  investigate 
the  flow  pattern  in  the  wake  of  the  test  models. 
. 
The  present  observations,  however,  were  conducted  to  show  the 
flow  field  around  circular  cylinders  in  a  cross  flow  of  air 
with  high  Reynolds  numbers  with  an  emphasis  on  the  effect  of 
distributed  suction  on  the  flow  around  a  porous  circular 
cylinder  in  a  cross  flow  of  air  with  hig1h  Reynolds  numbers  with 
an  emphasis  on  the  effect  of  distributed  suction  on  the  flow 
around  a  porous  circular  cylinder. 
From  the  previous  chapters,,  it  was  demonstrated  that  mass 
extraction  or  suction  through  the  walls  of  a  porous  cylinder 
caused  a  delay  of  the  point  where  the  flow  separates  fron, 
the  cylinder  surface  and  that  the  boundary  layer  flow  was  in 
contact  with  the  surface  for  a  longer  distance  compared  to 
the  case  with  no  suction. 
The  aim  of  the  present  work  was  to  outline  the  path  of  flow 
streamlines,  outside  the  boundary  lay  er,  under  the  effect  of 
suctiont  which  would  envelope  the.  test  cylinder  with  its 
imiediate  wake  region. 322.1 
10.2.  Experimental  arrangement 
The  present  observations  were  conducted  in  the 
horizontal  low  speed  wind  tunnel  of  the  Aeronautical 
Departmentr  University  of  Glasgow. 
The  study  was  made  using  a  model  with  the  same  dimensions  as 
that  used  in  the  previous  chapters.  The  porous  test 
cylinder  was  76.2/63.5  mm  OD/ID  and  its  construction  was 
similar  to  that  explained  in  section  5.2.2.  except  that,  in 
this  case,  there  was  no  shear  stress  sensor  fitted  to  its 
body.  The  cylinder  was  connected  to  a  suction  pump  on  one 
end  of  it  and  the  suction  rate  was  measured  using  a 
calibrated  rota  meter  at  the  operating  pressure. 
The  wind  speed  was  varied  over  a  range  of  flow  velocities 
similar  to  thait-  used  in  the  main  programme,  i.  e.,  Chapters 
7  j,  8  and  9.  The  Reynolds  number  varied  from  19500  to  108000. 
Two  techniques  were  used  to  provide  means  of  visualising  the 
flow  around  the  test  model.  These  were  the  buoyant  bubble 
and  'smoke  filament  techniques. 
Since  good  flow  conditions  were  only  obtainable  by  taking 
short  exposures,  the  photographs  suffer  somewhat  in  intensity. 
The  photographs  were  taken  directly,  by  employing  a  camera 
I 
mounted  outside  the  wind  tunnel. 
I 
The  buoXant  bubble  system 
This  technique  was  based  on  implanting  small  buoyant 
bubbles  generated  using  a  special  head  in  an  air  flow  and 
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Phen  photographing  the  bubble's  motion  which  would  in(licate 
also  the  notion  of  the  air  flow  (258). 
:; 
For  the  present  work,  the  bubbles  were  generated  using  a  low 
speed  head  (a  pencil  shaped  device)  approximately  6.5  mm  OD 
with  a  total  length  of  27.5  mm.  This  head  was  able  to 
produce  a  high  rate  of  about  500  bubbles  per  second  with 
bubble  diameter  of  about  1.5  mm  in  air  flow  with  velocities 
up  to  25  m/sec.  The  bubbles  were  first  formed  inside  the 
head  and  then  injected  into  the  surrounding  air  stream. 
They  accelerated  quickly  and  reached  the  mainstream  velocity 
after  travelling  a  short  distance.  The  head  was  Installed 
upstream  of  the  model  far  enough  to  avoid  any  disturbing 
effect  from  the  model  on  to  the  generated  stream  of  bubbles. 
The  head  basically  consisted  of  a  concentric  array  of  three 
tubes,  the  outermost  one  being  the  body  of  the  head  itself. 
Air  was  fed  through  the  innermost  tube  and  soap  solution  fed 
through  the  intermediate  tube  which  extended  slightly  beyond 
the  inner  tube. 
For  the  present  study,  the  soap  solution  chosen  was  a  commercial 
'green  fairy'  soap  liquid  based  on  household  detergents. 
This  soap  has  a  good  bubble  forming  characteristic  and  it  was 
fed  to  the  head  using  a  small  positive  head  displacement  pump. 
The  air  and  soap  liquid  interact  in  such  a  way,  downstream  of 
the  tip  of  the  inner  tube,  to  generate  air  filled  bubbles 
continuously  at  th6  tip  of  the  intermediate  tube.  Compressed 
air  was  fed  to  the  third  outmost.  tube,  or  the  body  of  the 
head/... 324. 
ýead  to  blow  the  bubbles  off  the  tip  after  the  bubble  has 
reached  a  particular  diameter. 
The  velocity  of  the  compressed  air  was  the  determining 
factor  for  the  bubble  size  and  generation  rate.  With  too 
little  air  flow,  the  bubbles  did  not  separate  properly  from 
the  tip  of  the  head.  With  too  much  air  flow,  the  bubbles 
did  not  have  a  chance  to  inflate  properly  and  the  process 
degenerated  into  blowing  small  droplets  of  soap  solution. 
The  constituents  were  fed  to  the  head  through  flexible  small 
diameter  plastic  tubing  which  fitted  over  the  connecting 
.  pieces  of  hypodermic  tubing  which  protruded  from  the  head 
body. 
Coi-,  ipact,  high  intensity  lamps  were  installed  upstream  and 
downstream  of  the  model  to  illuminate  the  bubbles  at  right 
angles  with  respect  to  the  viewing  direction.  The  laiaps 
had  narrow  beams  which  were  directed  along  the  bubbles 
trajectories  to  minimise  reflection  and  stray  light. 
The  motion  of  the  bubbles  and  therefore  the  air  flow  was 
viewed  and  photographed  on  ASA  125  films  from  the  side  of 
the  tunnel  using  a  Nikon  camera.  The  exposure  time  was  set 
in  such  a  way  that  a  number  of  bubbles  pass  through  the 
field  of  vievi  during  the  exposure. 
10.2.2.  Smoke  filament  system 
The  smoke  Oas  th  be  dense  and  white  as  possible  for 
visibility  and  had  to  be  .  'released  into,  the  air  stream  with  a 
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quite  low  velocity,  so  that  the  disturbances  to  the  flow 
were  minimised. 
The  smoke  was  generated  by  the  vapourisation  of  Shell 
Iondina  171  oil  using  a  T.  E.  M.  smoke  generator  type  B.  FVSP/B 
with  pressurised  control  unit  FVSP  104. 
The  oil  was  forced  through  a  small  diameter  tube  and 
vapourised  immediately  adjacent  to  the  axial  exit  orifice  by 
an  integral  electric  heating  coil.  The  volume  of  sinoke  was 
controlled  to  produce  a  plume  in  the  air  flow  with  clear 
boundaries,  provided  that  the  pressure  in  the  oil  reservoir 
was  maintained  constant. 
The  smoke  was  introduced  through  a  small  pipe  placed  upstream 
of  the  test  model,  so  that  the  flow  around  the  model  could  be 
made  visible.  As  the  action  of  the  test  cylinder  was  to 
disturb  the  smoke  concentration  in  a  cross  section  of  the 
main  air  stream,  the  situation  was  made  visible  by  illumination 
through  a  plane  sheet  of  light  parallel  to  the  tunnel  axis. 
This  light  sheet  was  produced  by  focussing  a  slit-shaped  light 
source  on  to  the  centre  of  the  flow  field.  In  this 
illuminated  'smoke  screen',  thellow  field  around  the  model 
was  observed. 
Since  the  mixing  between  the  smoke  and  air  was  quite-intense, 
therefore  the  stability  of  the  smoke  filament  marked  by  the 
smoke  depends  upon  the  flow  conditions  inside  the  wind  tunnel. 
With  the  present  tunnel;  however.  -it  was  possible  to  obtain 
stabilised  filament  for  Reynolds  numI)ers  up  to  110,000.  The 
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numerical  values  of  the  Reynolds  numbers  are  only  correct 
within  the  accuracy  of  the  measuring  equipment. 
10.3.  Results  and  discussion 
Examples  of  the  results  obtained  for  the  flow 
visualisation  are  shown  in  figures  10.1  to  10.6.  Figure 
10.1  was  obtained  using  the  buoyant  bubble  technique  while 
the  rest  of  the  figures  were  obtained  using  the  smoke 
filament  system. 
Figure  10.1  shows  the  flow  field  around  an  inner  tube  in  a 
staggered  tube  bank  arrangement  with  equal  pitch  to  diameter 
ratios,,  i,.  e.,  L-T-.  1.5.  The  photographs  were  taken  at 
Reynolds  numbers  from  19#000  to  32,,  000.  Since  the  bubbles 
followed  the  air  flow  path  lines,  the  bubbles  rarely 
collided  with  the  test  model  and  were  quite  durable. 
For  the  case  of  no  suction  (Vw  -  0.0)  the  flow  path  lines 
U 
produced  by  the  path  of  the  bubbles  during  the  exposure  time 
were  clear  and  the  photographs  showed  how  the  incoming  stream 
was  divided  at  the  forward  half  of  the  cylinder  body. 
When  suction  was  applied,  however,  the  porous-surface  was 
stained  especially  at  the  frontal  part  of  the  cylinder  and 
eventually  it  was  partially  blocked  when  the  soap  bubbles 
cam  in  contact  with  the  cylinder  porous  surface.  Although 
few  shots  were  taken  with  suction,,  it  was  difficult  to 
maintain  the  operation  for  any  reasonable  length  of  time  without 
getting  into  the  trouble  of  blocking  the  pores  in  the  porous 
surface. 
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These  photograplis  are  presented  in  figure  10.1  and  they  show 
that  suction  caused  the  flow  stream  lines  to  be  brought 
closer  tQ  the  cylinder  surface.  For  Vw 
ranging  from  0.01  to 
T- 
0.017  the  suction  reduced  the  dividing  of  the  mainstream  on 
the  front  of  the  cylinder  and  the  stream  lines  followed  the 
cylinder  contour  for  a  longer  distance  compared  to  the  no 
suction  case.  Also  the  circulation  behind  the  cylinder  was 
shown  clearly  with  more  flow  coming  along  the  cylinder  surface 
when'suction  was  applied. 
Because  of  the  difficulties  encountered  by  the  porous  surface 
with  the  buoyant  bubbles  when  suction  was  applied  to  the 
cylinder  surface,  this  technique  was  stopped  and  experiments 
were  continued  using  the  smoke  filament  technique  instead. 
Introducing  a  radial  plume  of-smoke  along  the  horizontal  axis 
of  the  test-6ylinder  did  not  show  the  expected  deflection  of 
the  filament  when  suction  was  applied.  This  was  due  to  the 
rapid  diffusion  of  the  smoke  into  the  boundary  layer  and 
the  circulation  region,  Shifting  the.  smoke  filament  to 
another  vertical  plane  close  to  that  of  the  cylinder  axis 
proved  useful  in  dertionstrating  the  general  influence  of 
suction  on  the  flow  field  around  the  porous  cylinder. 
The  wake  region  was  visualised  separately  by  introducing  the 
smoke  probe  downstream  of  the  cylinder  rear  stagnation  point 
along  the  horizontal  plane,  zpassing  through  the  cylinder  axis. 
This  was  done  in  order  to  outline  the  shape  of  the  immediate 
wake  under  different  conditions  of  continuous  suction, 
Results/.  99 
I 328. 
Results  are  shown  in  figures  10.2  to  10.6  for  Reynolds 
numbers  from  13,600  to  108,000  respectively,  The  suction 
to  the  main  stream  velocity  ratio  ranged  from  0.0014  to 
0.044  with  normal  velocity  towards  the  surface  ranging  from 
0.032  to  0.125  m/sec. 
Por  a  certain  Reynolds  number,  the  photographs  are  arranged 
in  a  vertical  array  with  the  top  one  representing  the  case 
of  no  suction.  Suction  was  then  applied  and  the  bottqm 
photograph  in  the  array  represents  the  flow  around  the 
cylinder  with  the  highest  suction  rate  used. 
The  suction  rates  used  in  these  tests  were  higher  than  those 
used  in  the  previous  chapters.  When  small  suction  rates 
were  used,  i.  e.  r  up  to  Vw  -  0.025  m/sec.,  it  was  difficult 
to  trace  any  changes  in  the  filament  movement  due  to  suction. 
In  fact,  these  observations  for  such  small  suction  rates 
confirmed  our  previous  conclusion  that,  these  small  suction 
rates  mainly  affected  the  boundary  layer  without  too  much 
influence  on  the  flow  outside  the  boundary  layer  which 
determines  the  normal  pressure  distribution  along  the 
surface. 
in  the  circulation  region-f  the  suggested  back  flow  was  very 
marked.  The  strength  of  the  circulation  demonstrated 
itself  by  the  almost  uniform  diffusion  of  the  smoke  into 
that  region  giving  clear  boundaries  for  the  downstream  of 
the  test  cylinder. 
The  upstream  smoke  filament  shows  clearly  how  the  path  lines 
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were  following  the  cylinder  contour  for  a  longer  distance 
when  suction  was  applied.  The  progressive  deflection  of 
the  filartient  especially  at  the  downstream  side  of  the 
cylinder  due  to  suction  effect  is  obvious. 
On  the  other  hand,  photographs  taken  for  the  wake  region 
did  not  show  a  significant  effect  of  the  suction  rate  on 
the  flow  separation  point.  Presumably,  this  was  due  to 
the  combined  effect  of  the  strong  circulation  at  the  back  of 
the  cylinder  and  the  instability  of  the  flow  separation  point 
which  would  result  in  intensifying  the  smoke  diffusion 
further  upstream  of  the  separation  region. 
In  order  to  demonstrate  the  influence  of  the  distributed 
suction  on  the  flow  field  around  the  test  cylinder,  the 
deflection  of  the  smoke  filament  relative  to  the  cylinder 
surface  was'measured  from  the  photographs  obtained  for  the 
study.  It  should  be  mentioned  herej  that  these  photographs 
were  taken  using  the  same  setting  of  the  test  cylinder  and 
the  smoke  generator  and  the  variables  were  the  Reynolds 
numbers  and  the  suction  rates. 
The  photographs  were  enlarged  about  twenty  times  its  size 
on  a  screen  and  the  distance  between  the  cylinder  surface  and 
the  smoke  filament  was  measured  from  0=  30  0  (where  the 
incident  filament  started  to  follow  the  cylinder  contour) 
up  to  0=  135  0,  It  was  difficult  to  continue  the 
measurenents  up  to  the  rear  stagnation  point  due  to  the  rapid 
diffusion  of  the  smoke  JLn  the  circulation  region. 
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Although  this  procedure  is  not  accurate  on  a  quantitative  basis, 
it  is  to  be  appreciated  that  the  main  purpose  of  this  study 
was  to  demonstrate  the  changes  the  smoke  filament  undergoos 
around  the  cylinder  due  to  suction  effect  on  a  qualitative 
basis. 
As  is  shown  in  the  photographs,,  the  narrowest  gap  or  the 
smallest  distance  between  the  smoke  filament  and  the  cylinder 
surface,  for  the  no  suction  case,  was  at  about  0=  68  0  from 
the  FSP.  Applying  suction  to  the  surface  caused  this  point 
to  move  downstream  towards  the  rear  of  the  cylinder. 
With  Vw  =  0.03  m/sec.  the  point  of  minimum  gap  moved 
slightly  to  about  0=  70  0  and  increasing  the  suction 
velocity  to  Vw  =  0.062  m/sec.  pushed  the  point  of  minimum 
0 
gap  downstream  to  about  e=  75  Increasing  the  suction 
velocity  further  to  VW  =  0.093  m/sec  caused  the  point  of 
minimum  gap  to  occur  at  about  e=  8o  0  and  at  Vw  =  0.125 
m/sec.  this  point  was  delayed  further  to  occur  at  about 
0  90 
The  displacement  of  the  smoke  filciuaent  downstream  of  the 
point  of  minimum  gap  towards  the  cylinder  surface  due  to 
suction  effect  was  also  noticeable.  Increasing  the 
suction  velocity  brought  the  dovinstream  side  of  the  suction 
filament  closer  to  the  surface  compared  to  that  without 
suction.  This  trend  continued  and  at  the  highest  suction 
velocity  used  (Vw  =  0.125  m/sec.  )  the  shoke  filament  trace 
showed  a  similarity  in  the  distribution  upstream  and 
downstream  of  the  joint:  of  minimum  gap  (at  about  0=  900). 
I 
It!... It  is  interestiiig  to  notice  that  similar  characteristics  for 
the  above  mentioned  were  observed  over  the  whole  range  of 
Reynolds.  nun,  ber  fro,  ra  13,600  to  108,000.  This  was  expected 
due  to  the  characteristics  of  the  wind  tunnel  of  being 
commercially  designed  with  low  turbulence  intensities. 
Accordingly  all  the  Reynolds  numbers  used  were  in  the 
subcritical  range. 
10.4  Concluding  remarks 
obviously  any  conclusions  based  on  a  qualitative  study 
-  must  be  also  qualitative  in  nature.  Although  it-is 
premature  to  draw  conclusions,  the  following  points  could  be 
made: 
a.  The  buoyant  bubble  technique  could  be  useful  in  flow 
visualisation  pven  in  a  complex  geometry  such  as  tube  bank 
arrangement-ýwithout  suction.  Applying  suction  into  the 
model's  surface  would  influence  the  porosity  of  the 
surface. 
b.  With  high  Reynolds  numbers,  the  smoke  filament  is 
useful  only  for  short  distances  along  the  model  and 
accordingly  the  test  model  was  limited  to  a  single  cylinder 
in  a  cross  flow  of  air. 
c.  It  is  difficult  to  demonstrate  the  effect  of  suction  on 
the  flow  separation  point  due  to  its  unstable  nature  which 
affects  the  smoke  diffusion  in  that  region. 
a  .  1... 
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d.  A  displaced  smoke  f  ilanent  introduced  upstream  of  t1te 
model  was  useful  in  demonstrating  the  effect  of  distributed 
suction  on  the  flow  field  around  th.  e  cylinder. 
e.  The  influence  of  suction  was  traced  by  observing  the 
movement  of  the  point  of  mininum  gap  between  the  smoke 
filament  and  the  cylinder  surface.  Increasing  suction 
rate  caused  this  point  to  be  delayed  towards  the  rear  of  the 
cylinder. 
f.  The  application  of  suction  caused  the  filament  to 
follow  the  cylinder  contour  for  a  longer  distance  compared 
to  that  without  suction. 
g.  Small  suction  rates  have  no  significant  effect  on  the 
flow  outside  the  boundary  layer  region. 
I 
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CHAPTER  11 
THEORETICAL  APPROACH 
11.1.  Introduction 
It  is  the  intention  of  this  chapter  to  present  the 
attempts  made  to  develop  a  theoretical  model  for  the  problem 
in  hand,  i.  e.,  circular  cylinder  in  a  cross  flow  with  mass 
transfer  at  its  surface. 
Since  the  theoretical  models  of  Thom  (34)  and  Thwaites  (243), 
as  explained  in  Chapter  71  were  applicable  for  the  case  of 
no  mass  transferf  two  different  approaches  were  followed  in 
this  chapter  in  an  effort  to  solve  this  problera.  These 
approaches  were  the  potential  flow  and  an  application  for 
the  law  of  the  wall  on  the  cylinder  surface. 
It  must  be  admitted,  however,  that  neither  of  these  models 
succeeded  in  providing  reasonable  results  for  the  present 
study.  Nevertheless,  it  is  worthwhile  to  present  the 
stages  reached  in  these  directions  in  order  to  assist  any 
developm.  nts  of  the  present.  work  which  might  be  carried  out 
in  future.  It  is  also  hoped  that  the  following 
presentation  will  stimulate  further  work  in  these  directions. 
11.2.  The  potential  flow  model 
The  application  of  the  potential  flow  theory  around 
circular  cylinders  in  cross  flow  was  reported  by  Schwabe  (83) 
who  replaced  the  Vortex  pair  behind  the  cylinder  by  a  source- 
sink'flow  superinposed  on  the  potential  flow  around  the 
cylinder/... 
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cylinder  surface.  He  used  this  method  for  cross  flows 
with  Reynolds  numbers  up  to  735. 
A  similar  approach  was  also  used  by  Roshko  (259)  in  which  a 
potential  flow  was  considered  to  exist  outside  the  free 
stream  lines  defining  the  wake  behind  the  cylinder.  In 
this  case,  a  single  parameter  was  chosen  (base-pressure 
parameter)  which  would  bring  the  calculated  and  the 
measured  pressure  distributions  together. 
The  application  of  the  potential  flow  on  a  cylinder  surface 
was  also  reported  by  Rotteveel  (260)  to  predict  the  pressure 
distribution  along  the  cylinder  axis  when  suction  was 
applied  to  its  surface. 
From  the  flow.  visualisation,  explained  in  Chapter  10,,  the 
intuitive  feeling  was  thate  under  the  influence  of  suction, 
the  external  flow  outside  the  boundary  layer  and  the 
circulation  region  might  have  been  following  the  contour  of 
an  imaginary  stream  line  body.  This  body  enveloped  the 
test  cylinder  together  with  its  immediate  wake.  Following 
this  line  of  thinking,  once  the  approximate  shape  of  the 
streamline  body  could  be  outlined  from  the  flow 
visualisation,,  a  potential  flow  could  be  applied  to  its 
surface  and  the  outcome  would  be  the  pressure  distribution 
around  the  test  model. 
This  idea  was  based  on-the  shape  of  the  displaced  boundary 
around  the  cylinder  'sdrfacedue  to  the  effect  of  the 
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Reynolds  numbef,,  in  the  main  streamp  and  suction  velocity 
towards  the  cylinder  surface.  In  the  asymptotic  case  when 
the  Reyrýolds  number  approaches  zero,  the  displacement 
thickness,  for  a  certain  suction  rate  effect,  should  have 
no  preference  to  a  particular  direction  and  the  displaced 
boundary  is  a  concentric  circle  around  the  porous  cylinder. 
As  the  Reynolds  number  increases  the  circulation  region 
begins  to  appear  and  the  circular  displaced  boundary 
starts  to  deform.  Such  a  deformed  circle  could  be 
approximated  by  a  streamline  shaped  body  where  potential 
flow  existed  outside  its  boundary.  The  shape  of  such  a 
body  would  be  outlined  using  the  flow  visualisation  as 
shown  in  Chapter  10. 
The  shape  of  the  stream  line  body  was  fed  to  the  computer 
programe  developed  by  Katsanis  (261)  after  being  modified 
to  suit  the  present  case. 
An  example  of  the  pressure  coefficient  distribution  around 
the  body  is  sh-oum  in  figure  11.1  with  the  transverse 
pitch  in  a  transverse  row  in  a  tube  bank  as  a  parameter. 
It  is  clear  that  this  sort  of  distribution  was  not  similar 
to  the  measured  one  and  the  pressure  recovery  at  the  rear 
of  the  body  waslin,  cont.  rast  to  that  obtained  by  experiments. 
Despite  these  rather  disappointing  results#  there  are  two 
features  in  that  figure  Which  are  worth  men  tioning.  First, 
when  the  transyerse  pitch  was  1.5.  which  is  equal  to  that 
used  in  the  staggered  bank,  section  7.3.  the  pressure 
coefficie4t,,  rpached  a.  minimum  value  of  -  10.  This  value  is 
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close  to  that  obtained  on  the  first  row  in  the  bank 
(figure  7.15)  and  it  confirmed  the  conclusion  reached 
previous-ly  that,  the  cylinders  in  the  first  row  were, 
acting  in  a  similar  way  to  single  cylinders  under  similar 
flow  restrictions  or  blockage  ratios.  The  second  feature 
is  that,  the  conditions  around  single  cylinders  in  the 
working  section,  as  explained  in  Chapter  7,  was  not  exactly 
acting  as  an  isolated  cylinder  and,  therefore,  a  blockage 
correction  was  justified. 
11.3  Application  for  the  law  of  the  wall 
Since  flow  transition  was  noticed  in  the  boundary 
, 
layer  when  suction  was  applied  to  the  cylinder  surface 
(Chapter  8)  it  was  thought  that  it  might  be  appropriate  to 
deal  with  the  boundary  layer  on  the  cylinder  surface 
(dommstream  the  neighbourhood  of  the  FSP)  using  the  law  of 
the  wall  as  follows:  - 
When  the  Navier-Stokes  equations  are  written  in  terms  of 
mean  velocities  and  fluctuations  from  the  mean  and  then 
averaged  with  respect  to  time,  the  resulting  total  shear 
stress  will  be  :- 
au 
(Ty-)  -  io  VM-r  11.1. 
The  first  term  on  the  RHS  represents  the  effect  of  viscosity 
on  the  mean-flow  whereas  the  second  term  is  the  Reynolds 
stress.  Further  away  from  the  wall  of  a  smooth  surface 
the  second  terM  predominates  while  the  first  term  predominates 
closer  to  the  surface. 
I 
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According  to  Prandtl  (262),  the  Reynolds  stress  can  be 
calculated  from:  - 
pU@Vt  =  pX2  ( 
3U)  2 
57 
where  2.  is  the  mixing  length.  Further  it  was  assumed  that 
L=  Ky  where  K  is  called  the  universal  mixing  constant  and 
equation  11.1  became 
DU 
+  pK  y  (7- 
y)  yv  11.3. 
In  order  to  account  for  the  effect  of  the  nearness  of  the 
solid  surface  on  the  mixing  length,  Van  Driest  (263) 
proposed  a  damping  factor  which  forces  the  mixing  length  to 
zero  at  the  wall.  Therefore,  in  the  region  near  the 
surface,  the  xiixing  length  will  be 
.t=  Ky  {1  -  exp  (-y/A))  11.4. 
where  A  is  a  factor  which  is  limited  to  an  incompressible 
turbulent  boundary  layer  with  negligible  pressure  gradient 
and  zero  mass  transfer. 
In  terms  of  dimensionless  quantities  equation  11.4  became  :- 
x+=  Ky  +  {1  exp  (-Y+/A+))  11.5. 
where  y+=  yv*/v  v  V*  AM 
was  calculatedby  Van  Driest  to  fit  the  experimental 
measurements  of  the  velocity  distribution  on  flat  plates 
and/.,, 33 
, 
and  in  this  case  A  became  an  effective  viscous  sublayer 
thickness.  Under  these  conditions  A  had  the  value  of  26 
when  K=0.4. 
In  order  to  include  the  roughness  effect  of  the  porous 
cylinder  on  the  velocity  profilep  the  method  of  Van  Driest 
was  adopted  by  adding  another  factor  to  the  damping  factor 
as  follows  :- 
P.  +=  Ky  +  {1-exp(-y+/A+)  +  exp  (-60  y+le  KS+)l  11.6. 
where  1'%S+  KS.  V*/V 
and  the  velocity  profile,  including  the  roughness  effect 
became  :- 
u+=  fy+  2  dy+/{l+(1+4K  y+  {1-exp(-y  +  le)  +  exp 
0 
(-60y+/A 
+.  KS 
+)  )2 
05 
11.7. 
As  mentioned  by  Spalding  (264)  this  equation  as  developed  by 
Van  Driest  was  applicable  over  the  whole  boundary  layer. 
In  the  case  of  a  boundary  layer  under  the  influence  of 
pressure  gradient,  U4  the  flow  direction  along  the  model 
surface,  the  non  dimensional  velocity  profile  may  be 
expressed  by  the  following  expression  (256) 
u+f  (Y', 
where  IV 
dx 
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moreover,  for  the  case  of  mass  transfer  and  pressure 
gradient,  it  is  necessary  to  express  the  factor  A+  as  a 
function.  of  a  mass  transfer  parameter  and  a  pressure 
gradient  parameter.  Cebeci  (266)  introduced  these 
parameters  into  the  damping  constant  A+  which  becarie 
A+=  26  1  (1  {exp  (11.8  +) 
-11  +  exp  (11.8  +))-ý  11.10. 
+ 
Vý  Vý 
Vý 
where  V+V  IV 
W 
Substituting  equation  11.10  into  equation  11.7.  the  result 
will  be  a  velocity  profile  on  a  rough  surface  with  mass 
transfer  and  pressure  gradient  along  the  surface.  This 
profile  was  introduced  into  the  boundary  layer  governing 
equations  as  follows  :- 
The  differeýntial  equations  and  boundary  conditions 
describing  a  planel.  incorapressible  boundary  layer  are  as 
follows  :- 
u 
LU 
+V 
au  1  dp  1  aT 
momentum  ax  Ir  «ý  dx  +ý  Ty-  y 
au  av 
v  continuity:  +r=0  ax  y 
and  the  boundary  conditions  are 
U  (x,  0)  -0 
UN"  8)  -UIW 
v  (x  "  0)  =  vW 
where/.,,, 
11.11. 
11.12. 
11.13. 
11.14. 
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where  U,  is  the  velocity  at  the  edge  of  the  boundary  layer 
whose  thickness  is  6  at  position  x  and  x,  y  are  the 
orthogonal  curvilinear  coordinates  measuring  distance  along 
and  nornal  to  the  model  surface  respectively. 
Integrating  equation  11.12  and  applying.  the  boundary 
conditions  yields  :- 
fy  au  dy 
0  ax  11.16. 
which  in  the  dimensionless  notations  of  the  law  of  the  wall 
will  be  :- 
v  ry+  au 
dy  -*  0  v  ax 
++c 
and 
au 
=.  * 
a'  (U+V*)  =  V*  lu 
+u 
iv 
rx  rx  -ý-x  U- 
=-  V* 
au  +  Dy  ++ 
u+ 
dV* 
Dy  +  ax  dx 
11.17. 
au  + 
au 
+y+ 
dV 
+  U+ 
dV  dV_  {Y+  .  -T.  +u 
ay  dx  dx  dx  BY  + 
*  au 
++ 
bu  a-  (U+V*) 
v+  BY' 
ay  ay  ay  ay 
au+ 
By 
11.19. 
Substituting  equation  *11.18  into  equation  11.17  yields 
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.v=v*+v  fy 
+ 
V*  au  ++u+  dV  dy  Vý 
v0  ax  dx 
v+  V7  dV 
Y+  U+  11.20. 
wV  dx 
Substituting  equations  11.18,11.19,11.20  into  equation 
11.11  yields  :- 
+v*  {y  +  au  ++ 
U+j 
dV* 
+  {V*  V,  +  v  dV 
*y+U 
+)  V2  DU+ 
Dy  +  dx  f7  V  ir 
dx  v  ay  + 
dp 
+V 
dT 
p  dx  pv  ay 
Therefore  :- 
pV* 
2  V+ 
Du 
. 
+2  dV  v  dm  DT 
w++ 
pvu  =-  -_T  =w.  ++  11.21. 
D:  ý  dx  V  dx  ay 
Integrating  equation  11.21  with  respect  to  y+  yields  :- 
pV*  2+  U+  +  pV  dV  fy 
+ 
(u 
+)2 
dy  +v  2B  ++  Vý  --;  r  y+  {T)y 
dx  0V  dx  0 
dp  + 
Y+  +  pV*  2  aU 
pv  2 
lzý  + 
11.22. 
dx  ay 
Replacing  the  upper  limit  in  the  integration  by  8+i.  e., 
at  the  edge  of  the  boundary  layer,  yields 
*2  + 
U+  dV  6+++v+ 
pv  Vý  +  pv  Of 
(u  dy  =  --W 
k6- 
pV  11.23. 
'dx  V  dx 
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A  refinement  of  equation  11.22  could  be  obtained  by  following 
the  procedure  developed  by  Volkov  (267)  by  affecting  a  second 
integrai;  ion  into  it  from  the  wall  (y  o)  to  6  we  obtained:  - 
pv*  2+f  S+ 
u+  dy  ++ 
pv 
dV  {f6+  dy  +  fy 
+ 
(U+)  2  dy  + 
%0 
dx  00 
v  6+2  + 
-  -7  _+  pV*2  U,  -  pv  26+ 
V  dx  2 
dividing  by  pV  yields 
u  dy  + 
+. 
v  dV 
V2  dx 
+2 
2 
{Of  6+  dy  +0  fy 
+ 
(U+)2  dy  +I 
11.24. 
it  is  to  be  realised  that  the  boundary  conditions  at  the 
wall 
or  T-P 
Du 
Dy 
are  satisfied  by  equation  11.22. 
using  the  velocity  profile  defined  by  equations  11.7  and 
11.10,  equations  11.23  and  11.24  will  be  two  equations  in 
two  unknowns,  namely,  6VA  computer  programme  was 
developed  to  solve  these  equations,  a  version  of  it  is 
included  in  Appendix  1. 
Unfortunately,  as  far  as  the  shear  stress  distribution  was 
concerned,,  the  results  were  disappointing  and  the  predicted 
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values  were  much  less  than  the  measured  ones.  In  fact, 
the  predicted  values  were  less  than  20  per  cent  of  the 
measured  ones. 
Thereforet  it  was  decidedt  for  the  time  beingt  that  this 
procedure  was  to  be  postponed  until  further  analysis  could 
be  done  into  this  problem  in  some  future  work. 
11.4  Concluding  remarks 
This  chapter  presented  two  approaches  used  in  an 
effort  to  develop  a  theoretical  model  for  the  case  of  a 
circular  cylinder  in  a  cross  flow  where  suction  is  applied 
to  its  surface. 
Potential  flow  and  an  application  of  the  law  of  the  wall 
were  used  but-none  was  successful  in  providing  a  reasonable 
picture  for  the  flow  around  the  cylinder. 
It  was  felt,  that  it  is  quite  important  to  show  and  to 
demonstrate  the  steps  taken  towards  the  solution  of  this 
problem.  Although  they  were  not  successful  in  the  present 
casel  they  might  be  proved  useful  in  assisting  any  further 
work  towards  the  solution  of  such  cases. 344. 
CHAPTER  12 
SUMMARY  AND  CONCLUSIONS 
12.1  Sumnary 
This  section  sets  out  to  summarise  the  prograrmae  of 
investigation  for  the  dissertation.  The  thesis  begins 
with  a  general  introduction  for  the  problem  of  flow 
characteristics  in  tubular  heat  exchangers  and  in  particular 
for  steam  condensers  to  show  the  areas  where  previous 
investigations  had  indicated  that  a  knowledge  is  lacking. 
indeed,  they  showed  that  what  was  needed  most  is  more 
information  about  the  detailed  behaviour  of  a  cross  flow 
through  tube  bank  configurations  and  its  response  to 
changes  in  different  parameters. 
The  aim  of  the  investigation  was  then  outlined  showing  the 
necessary  steps  needed  in  order  to  obtain  the  required 
information.  It  must  be  pointed  out  that  the  present  work 
was  concerned  mainly  with  problems  associated  with  vapour 
flowing  externally  across  vertical  tube  bundles.  For  that 
purpose,  a  test  riodel  with  a  simulation  for  a  condensation 
process  is  proposed., 
A  further  area  for  study  arose  from  that  situation.  It  was 
an  instrumentation  problem  concerned  with  the  measurement 
of  small  forces#  such  as  shearing  forces  on  the  external 
surface  of  a  circular  cylinder  in  cross  flow.  A  review 
of  that  topic  was  incor-porated.  The  review  shows 
different  types  of  the  available  devices  and  their  limitations 
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were  also  discussed.  Accordingly,  it  was  decided  to 
develop  a  device  which  could  adequately  provide  the 
necessary  information  for  the  proposed  project. 
Care  was  taken  in  designing  the  developed  instrument 
together  with  its  control  systeia  and  time  was  required  in 
order  to  reach  to  the  final  form  of  the  developed  device. 
The  repeatability  and  responsecE  the  system  were 
demonstrated  through  measurements  in  comparison  with  the 
available  data  in  that  field.  The  accuracy  and 
reliability  of  the  system  was  also  checked  on  the  dynamics 
side  of  the  flow  such  as  measurement  of  the  vortex 
shedding  frequencies. 
In  accordance  with  a  study  of  the  literature,,  the  scope  of 
the  investigat-ion  is  decided  and  an  experimental  apparatus 
was  built  to  fulfill  the  requirements  of  the  investigation. 
Tests  were  carried  out  in  steps  so  that  the  individual 
parameters  could  be  separated  on  test  models.  Flow 
conditions  (over  a  range  of  variables)  were  studied  on  plain 
cylinders  firstj,  motion  was  then  applied  and  thereafter  heat 
transfer  was  included  in  the  investigation.  For  all  the 
tests,  flow  characteristics  such  as  wall  shear  stress, 
normal  pressure  and  heat  transfer  coefficient  were  measured 
simultaneously  at  the  mid  height  of  a  rotated  generator  on 
the  test  cylinder  surface  around  its  longitudinal  axis. 
Results  are  presented,  'discussed  and  analysed  and  whenever 
appropriate,  comparison  is  made  with  available  data  or 
i 
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approximate  thedries  from  the  literature. 
Before  proceeding,  however,  it  will  be  recalled  that  in 
Chapter  1  it  was  stated  that  "The  aim  of  this  investigation 
was,  therefore,  to  determine  the  effect  of  individual 
parameters  such  as  surface  roughness,  turbulent  intensity, 
mass  transfer,  heat  loads  and  Reynolds  number  on  the 
simultaneously  measured  flow  and  heat  characteristics  such 
as  wall  shear  stress,  pressure  drag  and  heat  transfer  rate 
on  single  cylinders  and  tube  bank  models  for  a  vertical  tube 
condenser  in  cross  flow  of  vapour". 
The  effects  referred  to  ntay  be  suruaarised  as  follows 
Do  small  changes  in  the  surface  roughness  have  an 
effect  on  the  flow  characteristics  across  a 
c#dular  cylinder? 
Do  changes  in  turbulence  level  (with  changes  in 
surface  roughness)  influence  the  subcritical  flow 
regime? 
Does  condensation  or  mass  extraction,  for  a  typical 
condenser  loading,  affect  the  pressure  drag 
across  the  condenser  or  exchanger? 
iv)  Does  the  additional  complexity  with  the 
simultaneous  heat  and  mass  transfer  affect  the 
flow  characteristics  in  the  tube  bank  model? 
Just  how  far  these  questions  have  been  satisfactorily 
answered  may  be  judged  to  some  extent  from  the  major 
conclusions  listed,  in  the  following  section.  ror  a  fuller 
picture,  reference  should  be  made  to  discussions  made  in 
previous  chapters. 
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12.2  Conclusions 
This  section  sets  out  to  list  the  main  conclusions 
of  the  work  described  earlier  in  this  dissertation. 
12.2.1.  The  develol2ment  of  the  shear  stress  sensor 
The  use  of  the  servo-force  balance  principle 
represents  a  valuable  improvement  on  previous 
instruments  because  of  the  following. 
The  drag  piece  is  held  in  a  fixed  position  by  an 
integral  controll  guaranteeing  a  constant  local 
flow  field. 
The  use  of  a  velocity,  or  derivative,  feed  back 
instead  of  oil  damping,  allows  operation  of  the 
developed  transducer  in  an  arbitrary  orientation. 
The  main  imprqVement  of  the  present  instrument  over  previous 
ones  are  as  follows 
The  successful  application  of  the  servo-force  balance,, 
null-seeking  device,  allows  the  clearance  gaps 
(downstream  and  upstream  of  the  drag  piece)  to  be 
reduced  to  limits  set  only  by  mechanical  tolerances. 
For  the  present  purpose  gap  widths  of  80  pm  are 
chosen  thus  their  effect  on  the  boundary  layer  flow 
is  reduced.  The  estimated  effect  of  these  gaps, 
howeverl  was  to  produce  results  which  are  3  to  8 
per  cent  too  high.  Buoyancy  correction  (due  to 
pressure  difference  between  upstream  and  downstream 
of  the  drag  piece).  was  estimated  to  be  about  3  per 
cent  of  the.  measured  values. 
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The  optical  voltage-to-displacement  system  has  proved 
to  be  robust,  reliable  and  a  sensitivity  of  about  70 
times  greater  than  that  of  previous  devices  is 
reached.  With  this  sensitivity,  the  width  of  the 
drag  piece  is  reduced  to  2  iim  and  the  system  was  able 
to  discriminate  load  increments  of  1/10  milligram 
(10-  6 
N). 
iii)  Newly  developed  frictionless  pivots  are  used  to  avoid 
errors  that  might  occur  if  jewel  bearings  are  used. 
iv)  By  using  the  servo-force  balance  a  previous  knowledge 
of  the  shearing  force  is  not  required. 
v)  Ability  to  measure  the  temporal  mean  values  of  the 
shearing  force  as  well  as  flow  dynamics  such  as 
vortices  shedding  frequency  at  the  rear  of  the 
cylinder.  When  the  same  frequency  was  detected  at 
the  front  of  the  cylinder,  it  indicates  that  the 
whole  field  around  the  cylinder  is  oscillating  at  the 
shedding  frequency. 
vi)  As  far  as  the  time  factor  is  concerned,  the  device  is 
super,  16r  to  other  ones  in  providing  an  accurate  and 
I 
quick  estimation  of  the  flow  characteristics  around 
the  cylinder. 
vii)  The  transducer  is  mounted  on  a  scintered  bronze  test 
cylinder  with  homogenous  surface  roughness  (including 
the  drag  piece)  to  ensure  minimum  disturbances  to 
the  boundary  layer  flow. 
viii)  Using  the  same  test  cylinder  throughout  the  whole  study, 
the  affect  of  different  parameters  is  detectable 
without  replacement  and  recalibration  of  the  device. 
12.2.2.  Effect  of  different  parameters  on  flow  characteristics 
Investigations  on  single  cylinders  showed  the 
f  ollowing: 
Even  for  small  surface  roughness  (x  s)  =  53  x  1075 
the  shear  stress  distribution  was  raised  to  a  higher 
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value  together  with  a  shift  for  its  peak  position 
towards  the  rear  of  the  cylinder. 
Increasing  the  turbulence  intensity  from  1.2%  to  6% 
leads  to  an  increase  in  the  shear  stress.  However,, 
this  is  small  compared  to  that  due  to  surface 
roughness.  It  also  causes  a  reduction  in  the 
pressure  drag. 
The  percentage  contribution  of  the  shear  stress  to  the 
total  drag  amounts  only  to  about  2  per  cent. 
iv)  There  is  a  lack  of  a  fixed  point  for  the  floW 
separation  on  the  cylinder  surface,  instead  there 
might  be  a  separation  region. 
v)  There  is  no  rear  stagnation  point  as  such  at  0=  180  0 
from  the  forward  stagnation  point. 
Measurements  on  tube  bank  showed  that: 
The  entrance  effect  could  extend  up  to  the  third  row 
and  stable  conditions  are  reached  from  the  fourth 
row  onwards. 
Cylinders  in  the  first  row  offered  the  highest 
pressure  drag  in  the  bank  and  it  acted  similar  to 
cylinders  under  similar  flow  restrictions. 
The  second  row  in  the  bank  provides  the  lowest  drag 
in  the  bank. 
iv)  The  percentage  contribution  of  the  shear  stress  is 
about  2  to  4  per  cent  of  the  total  drag  in  the  bank. 
v)  The  pressure  drop  per  row  decreased  as  the  number  of 
rows  increased. 
vi)  Mounting  an  axial  'wire'  at  180  degrees  from  the 
measurement  generator  caused  a  reduction  of  about 
20  per  cent  of  the  pressure  drag  on  a  plain  cylinder. 
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12.2.3.  Effect  of  raass  extraction  on  flow  characteristics 
The  use  of  a  fine  grade  porous  material  for  the  test 
cylinder.  ensured  a  reasonable  level  of  suction  uniformity 
around  its  circumference.  Measurements  of  suction  rates 
equivalent  to  a  typical  condenser  loading  showed  the 
following: 
Suction  causes  considerable  delay  of  the  flow 
separation. 
The  shear  stress  increases  rapidly  with  increasing 
suction  rate.  That  increase  will  be  reduced  by 
placing  an  axial  'wire'  180  degrees  from  the 
measurement  generator  on  the  cylinder. 
Although  some  changes  in  the  normal  pressure 
distribution  were  recorded  (due  to  suction)  the 
final  pressure  drag  contribution  to  the  total  drag 
was  practically  unaltered. 
iv)  Beyond-certain  flow  conditonst  suction  might  cause 
transition  through  the  influence  of  surface 
irregularities  on  the  reduced  thickness  of  the 
boundary  layer. 
12.2.4.  Effect  of  the  simultaneous  heat  and  mass  transfer 
Compared  with  the  cold  (atmospheric)dLdiabatic  flow 
conditions,  single  cylinder  shmied  that: 
Increasing  the  temperature  level  in  adiabatic 
conditions  causes  a  slight  reduction  in  the  shear 
stress  recorded  at  the  front  of  the  cYlinder  while 
an  increase  was  recorded  at  its  rear  side. 
Heat  transfer  across  the  'sucked'  boundary  layer 
(towards  the  surface)  causes  an  increase  in  the 
wall  shear  stress  over  the  cylinder  surface. 
iii)/... 
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.  iii)  Within  the  present  range  of  variables,  the  influence 
of  heat  transfer  on  the  flow  separation  was  very 
difficult  to  estimate  probably  due  to  the  unstable 
n  ature  of  the  flow  and  the  lack  of  a  fixed  point  for 
the  separation  position. 
iv)  The  heat  transfer  coefficient  is  not  a  maximum  at  the- 
FSP  and  it  has  a  tendency  to  reach  a  higher  value 
nearby  the  location  of  the  peak  in  the  shear  stress 
distribution. 
V)  Tile  heat  transfer  rate  is  minimurti  dovinstream  of  the 
separation  point  and  then  increases  to  reach  the  rear 
stagnation  point  with  a  very  similar  value  to  the 
corresponding  one  at  FSP. 
vi)  Within  the  tested  range  of  variables,  mass  extraction 
variations  showed  little  influence  on  the  recorded 
values  of  heat  transfer  rate. 
Investigation  on  tube  banks  showed  the  following  points  in 
addition  to  sohe  of  the  general  points  noticed  earlier  for 
single  cylinder  (e.  g.  j  items  iii  and  vi  previously  mentioned): 
The  effect  of  raising  the  temperature  level  in  an 
adiabatic  flow  on  the  shear  stress  is  to  reduce 
its  value  on  first  and  second  row  to  produce  no 
significant  change  on  the  third  and  to  cause  an 
increase  of  its  value  on  fourth  and  fifth  rows. 
Shear  stress  is  higher  for  the  non-isothernal 
conditions  than  that  for  the  cold  adiabatic 
conditions. 
iii)  For  all  the  rows  in  the  bank  the  heat  transfer 
coefficient  is  at  a  relative  miniraum  at  FSP 
which  increases  with  angle  6  to  reach  a  maximura 
near  the  region  of  maxinum  shear  stress. 
iv)  The  point  crf  minimum  heat  transfer  is  downstream  of 
the  separation  point  by  up,  to  30  degrees. 
V)IS  00. 
I 352. 
v)  The  heat  transfer  at  the  rear  stagnation  point  is 
less  than  the  corresponding  value  at  FSP  for  rows 
from  the  first  to  third  while  it  is  very  similar 
to  that  at  the  FSP  for  the  fourth  and  fifth  rows. 
vi)  The  average  heat  transfer  coefficient  increases 
rapidly  from  first  to  third  row,  thereafter  it 
drops  suddenly  to  the  fourth  row  and  then  reduces 
slightly  as  it  reaches  the  fifth  row  in  the  bank. 
vii)  The  measurements  of  the  heat  transfer  along  the  depth 
of  the  tube  bank  showed  that  the  entrance  effect 
could  extend  up  to.  the  third  row'in  the  bank  ar4d 
'stable'  conditions  are  reached  from  fourth  row 
onwards. 
viii)  Allihe  rows  in  the  bank  showed  a  heat  transfer 
coefficient  which  is  higher  than  that  for  a  single 
cylinder  by  about  20  per  cent. 
It  should  be  emphasised  that  the  longitudinal  axis  of  the 
"drag  piece"  was  preceeded  and  succeeded  by  about  3  mm 
(along  the  cylinder  circumference)  where  there  is  no  heat  or 
mass  transfer.  Consequently,  the  recorded  values  of  the 
shear  stress  differs  towards  smaller  values  than  that  on  a  porous 
surface.  Nevertheless,  for  reasons  mentioned.  in  the 
thesisj,  it  is  believed  that  such  differences  will  be  quite 
small  and  the  measurements  could  be  accepted  with  some 
confidence. 
Although  the  studies  reported  here  represent  an 
improvement  in  the  understanding  of  the  flow  and  heat 
characteristics  in  tube  bank  configuration,  considerable 
further  work  needs  to  be  done  before  the  whole  picture  in  a 
steam  condenser  is  completely  understood.  It  could  be 
argued  that  the  present  method  of  simulation  does  not  properly 
represent/.  *o 350  3. 
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represent  the  actual  condensation  process  in  the  condenser, 
nevertheless,  the  data  obtained  in  this  investigation  has 
shed  some  light  on  the  flow  characteristics  in  a  tube 
bank  condenser. 
12.3.  Suggestions  for  further  work 
Understanding  of  the  shell-side  fluid  flow 
characteristics  under  practical  conditions  is  still,  however, 
far  from  complete  and  there  are  other  aspects  of  the  problem 
in  which  improved  understanding  and  information  would  be 
valuable.  For  several  reasons,  the  range  of  the  variables 
investigated  in  the  present  work  was  limited.  However,  with 
. 
the  confidence  in  the  study  that  has  now  been  gained  its 
extension  to  deal  with  different  test  models  should  present 
no  basic  difficulty. 
The  areas  in  which  further  studies  could  be  useful  include 
the  following: 
Flow  and  heat  transfer  charac  teristics  in  tube  banks 
of  geometry  other  than  those  studied  heref  including 
triangular  and  other  staggered  and  in-line 
arrangements, 
Since  the  flow  direction  relative  to  the  tubes  varies 
with  position  within  a  real  exchanger,  the  effect 
of  such  a  factor'  could  be  studied  by  using  other 
types  of  flows  other,  than  the  cross  flow  type. 
This  could  be,  done,.  for  example,  by  rotating  the 
banks  as  a  whole  about  their  axis  to  create  different 
components  for  the  flow  through  the  tube  bank. 
iii)  1... 
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More  detailed  studies  of  the  flow  dynamics  inside 
the  bank  with  different  pitch  to  diameter  ratios 
are  also  needed. 
iv)  Effort  should  be  made  to  investigate  tube  banks 
with  different  length  to  diameter  ratio. 
V)  More  emphasis  on  the  thermal  side  of  the  exchanger 
to  cover  a  wider  range  of  variables  could  be 
valuable. 
vi)  Non-adiabatic  tests  with  a  predetermined  surface 
temperature  (for  example  by  using  cooling  wate4  at 
different  temperature  levels)  could  be  useful. 
vii),  Increasing  the  range  of  variables  (used  in  the 
present  work)  on  both  ends  to  reach  a  wider  scope 
for  the  processes  involved  in  the  exchanger. 
viii)  A  parallel  research  programe  using  the  present 
techniques  for  the  case  of  horizontal  heat 
exchangers  would  be  very  valuable. 
Finally,  in  examining  the-present  work,  a  feeling  that  there 
are  certain  gaps  in  the  study  and  that  there  are  possibly 
few  data  in  certain  areas  where  a  particular  variable  is 
under  study  is  present.  However,  it  must  be  appreciated 
that  the  time  available  for  the  investigation  is  considered 
to  be  a  limitation  in  relation  to  the  number.  of  variables 
included  in  the  study. 
it  is  believed,  hcniever,  that  the  present  results  obtained 
under  careful  experimental  conditions  for  the  parameters 
involved  on  the  same  rig  with  the  developed  instrumentation 
would  help  in  clarifying  some  of  the  discrepancies  found  in 
the  literature-.  v 355 
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Electronic  circuit  and  computer  prograrmae 
t R 
I/  p 
.  1/P 
ol  P 
ol  P 
D/F 
lacervignt.  voltage  converter 
Dif  f  eren  tiator- 
-PI  conlrotter n 
I 
U R  10  K52- 
t 
R=  20  K-Q 
R=  30  KjL 
R=  38.5  K  JQ- 
R=  45  K  SL 
D-a  ping-  with  various  velocity 
feed  back 55  KA 
65  KA 
77  KA 
ff 
R  =91  KA 
Dampin  oc!  Y  g  with  various  veL- 
faAri  h-nrL, III  KA 
1-4  1- 
R  127  KSt 
77 
R  137  KA 
r  __7 
-7  7 
R  151  KSL 
[The 
indicated  values  are  ref  ered  to 
resistor  R  in  the  differentlator  circuit] 
Damr)ing  w;  th  various  velocýy 
feed  back EJDINBURGH  FORTRAN(G)  COMPILER  VERSION  30.3 
C 
C 
114PLICIT  REAL*8(A-14,0-Z) 
INTEGER  TEST 
DIPENSION  V(1),  FD(1,4),  DFDYD(1,1)oDIFD(1,7,2),  TOL(3) 
COMMON  GAM,  VV  AP,  AKP,  PP,  VW,  VWSO,  Ul  LlM,  DEL,  TDEL,  S,  XX  B,  JK  KKK 
EXTERNAL  AUXD,  OUTD 
CALL  I  CL9H  ER  RORTABLE  (  4,1  -0, 
(),.  0,0,0  ,  1,0,  C),  C),  I  RES) 
KKK=ý-, 
GAM=15.  nD-6 
READ(5,11)  X,  V(1),  DEL 
FORMAT(3E15.5) 
XEND=ý  . 
0597DO 
S=1  .  D'll 
TABD=O  .  00332D  0 
N=l 
TEST=l 
IFAIL=;  ) 
TOL  (  1)  =1  . 
D-4 
CALL  Dý12AJF(X,  XEND,  V,  N,  AUXD,  HT,  TOL,  IEST,  TABD,  OUTD,  FD,  DFDYD,  DIFD, 
11FAIL) 
WRITE(  6,1  ("l) 
1ý0  FORKAT  (I  7X,  "X  *,  i7X,  IV  ",  I  7X,  '  DEL") 
WRITE(6,2.0  fl)  X,  V,  DEL 
20UF0  RM  AT(3(6X,  D  12  .4 
STOP 
END 
SUBROUTINE  AUXD(FD,  V,  X,  N) 
IPPLICIT  REAL*E(A-M,  O-Z) 
INTECER  TEST 
DIMENSION  TOL(3),  FD(I),  V(I),  A(3),  F(),  YPP(3),  D,  (3,15),  DP(II!,  15) 
C014MON  GAP.,  VV,  AP,  AKP,  PP,  VW,  VWS,  'j,  UI, 
Z'lP, 
DEL,  TOEL,  S'#XX,  B,  JK,  KKK 
EXTERNAL  AUX.  46C 
EQUATION  IN  X 
KKKr-KKK+l 
XX=X 
YENDr-DEL*1.5+1.  D-7 
A(I)cV(1)*V(1)/GAM 
A(  2)  =1 
L=2 
DO  21t'  101,3 
TOL(  1)  al  1D-3 
20  CONTINUE 
VV=V  (I 
TEST=l 
TABu0.  UUlDJ 
0 IF  AI  L=  0 
vw=-  rill  7DI 
UEN  F  =5  .3D  () 
R=O.  f3bl  D0 
PROW=l  . 
1,  Q 
U1ý2  .  *UENF*DS  IN  (X  /R) 
ALF=O.  DO 
IF  (X  EQ.  -).  DID  GO  TO  21 
ALF=-GAM*UI*2.  *UENFkDCOS(X/R)/(R*VV**3) 
PP=-ALF 
AKP=4%*V(l)/l5. 
VWSO=VW/V(l) 
21  UIM=Ci.  99*Ul 
JK=ri 
HT  =1  D  -7 
WRITE  (6,300) 
300  FORMAT(  '  RESULTS  A,  B,  C') 
WRITE(6,400) 
400  FORMAT  (17X,  "Y  ",  17X,  U',  17X,  *  Z',  17X,  'T') 
CALL  D02AHF(Y,  A,  TOL,  TEST,  L,  YEND-Y,  H1,  AUXAL-C,  F,  YPP,  D,  DP,  L,  IQ,  IFAIL 
WRITE(6,3r-ý.  #)  X,  YEND,  DEL,  A(l),  Ul 
800  FORMAW  X,  YEND,  DEL,  A(i),  Ul'  (5(5X,  D12.4))) 
IF(JK.  EQ.  tl)  STOP  3 
DELP=DEL*V(1)/GAM 
DUDYP=2.  /(I.  +DSQRT(S)) 
FD(I)=I.  D7  - 
IF(TDEL.  EQ.  0.  Dl)  GO  TO  31 
FD  (1  )=  ((  DUDYP-ALF  *DEL  P-1  Dli)  *VV*VV-vW*U  1  (GAM*TDEL) 
31  WRITE(6,700)  Y,  (A(I),  I=1,2),  FD(l) 
700  FORMATV  Y,  A(I),  DV/DX"  (5(6X,  012.4))) 
RETURN 
END 
C 
C 
SUBROUTINE  AUXABC(F,  A,  Y) 
IMPLICIT  REAL*8(A-H,  O-Z) 
"),  A  (-;  ),  TWAS(3)  DIMENSION  F 
COMMON/K---EP/FLAST 
COMMON  GAM,  VVAP,  AKPPP,  VW,  VWS0,  U1  LlM,  DEL,  TDEL,  S,  XX,  E,,  JK  KKK 
EQUATIONS  IN  Y 
YP=Y*VV/GAIA 
F(I)=VV*VV/GAt4 
IMX.  EQ.  O.  V.  ý)  60  TO  121 
T3=D.  774D(-*0*YP 
74=F(l) 
IF(Y.  Eg.;  '.  D())  FLAST=T4 
KOUNT=f) 
KK=i 
,1  12  FlOLD=FLAST 
KOUNT=KGUNT+l 
KK=KK+l 
IF(KOUNT.  GT.  5-1)  Go  to  88 
TWAS  (X  K)  =F  IOL  D 
TAUP=FlOLD/.  T4 
TAUP  S2  =6  SQ  RT  (T  AU'P 
VXY=VV  *T  AU  PS  Q 
VWS=VW/VXY B=DUXP  (11  .  8DI*VWS  ) 
23  IF(PP.  LE.  O.  012)  GO-TO  24 
EFI=2133.  *PP-12. 
GO  TO  25 
2  EF1=1133.  *PP 
25  IF(VWS.  GE.  O.  )  GO  TO  26 
EF2=6.78*PP**i).  7*(-VWS)**1.4 
CO  TO  27 
26  EF2=199Ci.  *(PP*VWS**1.25)**1.1 
27  AP=26.  /(l.  +5.9*VWS)+EF1+EF2 
11  TI=YP/AP 
72=TI*6ri.  D(I/AKP 
SS=1.  Dýl+T3*(I.  D(I-DUXP(-Tl*TAUPSO)  +DUXP(-T2*TAUPSQ))**2 
FLAST=2.  DC*T4/(I.  Dt"+DSQRT(SS)) 
IF(KK.  EQ.  1)  GO  TO  16 
KK=Cl 
TWAS(3)=FLAST 
FLAST=TWAS(l)-(TWAS(2)-TWAS(l))**2/(TWAS(3)-TWAS(2)-TWAS(Z)+ 
I  TWASM) 
99  FORMAT  04,4E14.4) 
16  IF(DA3S(l.  DO-FlOLD/FLAST).  GT.  l.  D-4)  GO  TO  12 
F(1)=FLAST 
a8  JJ=MIN"j(KOUNT,  3) 
IF(JJ.  NE.  1)WRITE(6,99)  KOUNT,  (TWAS(J),  J=I,  JJ),  FLAST 
IF(KOUNT.  GT.  5fi)  STOP  11 
121  CONT'lNUE 
IF  (VV.  NE  nD  *))  F(2  )=A  (1  )  *A  (I  )  /(GA  M*VV) 
IF(JK.  EQ..  l.  bR.  A(l).  LT.  3*Ult4.  OR.  A(2)-.  Eg.  U,,.  'I.  AND.  XX.  NE.!  ý.  0)  GO  TO 
JK=l 
DEL=Y 
s=ss 
TDEL=A(2) 
7  RETURN 
END 
SUBROUTINE  OUTD(X,  V,  HTN,  TABD) 
IMPLICIT  REAL*8(A-H,  O-Z) 
DIMENSION  V(l) 
WRITE(6,  V0  X,  V 
50LI  FORMA-TV  X,  V',  (2  (I-OX  D12.  L)  )) 
RETURN 
END 
FUNCTION  OUXP(X) 
IMPLICIT  REAL*8  (A-H,  O-Z) 
IF(X.  LT.  -180.  )  60  TO  17 
OUXP=DEXP(X) 
RETURN 
17  DUXP=U.  DO 
RETURN 
END APPENDIX 
Difficulties  and  failures 
c DIFFICULTIES  AND  FAILURES 
The  first  major  difficulty,  faced  in  the  programme,  appeared 
,; 
during  the  period  of  construction  of  the  control  system  for 
i 
the  servo-force  balance.  It  proved  to  be  a  mysterious 
mechanical  hysteresis  in  the  suspension  pivots  when  the 
system  was  tested  using  the  transfer  function  analyser  (TFA). 
The  hysteresis  loop  is  shown  in  figure  A  in  this  Appendix. 
This  item  undoubtedly  caused  a  great  deal  of  confusion  at 
the  earlier  stages  and  was  only  identifiable  with  any 
certainty  when  dynamic  measurements  were  made  in  crder  to 
assist  in  the  development  of  the  control  system. 
After  long  and  careful  consideration  it  was  finally  deemed 
necessary  to  d-ismantle  the  mechanical  system#  specifically 
the  vane  and  the  bearings,  and  remount.  This  stage  was 
highly  successful  and  led  to  a  suspension  which  is  entirely 
free  frora  any  mechanical  hysteresis  and  of  extremely  low 
damping.  This  is  shown  in  figure  B  in  this  Appendix  but 
the  reason  for  that  mechanical  hysteresis  or  why  it  happened 
is  not  yet  known. 
The  second  major  problem  in  the  programme  was  the  cooling  of 
the  inside  walls  of  the  porous  test,,  Cylinder.  Ideas  such 
an  using  refrigeration  coils  were, 
_rejected 
due  to  their 
possible  effect  an  the  porosity,,  Of  the  surface.  Cooling 
the  wall  using  a.  sprayed-cooling.  water  on  to  the  surface 
created  problems  eipeci4lly  when  the  Suction  -rate  was 
increased.  The  stabtlitYOf  the  cooling  water  layer  on  the 
s  Ur  faLoe/.  .. -surface  was  affected  to  a  great  extent  by  the  araount  of 
suction  applied.  This  put  an  upper  limit  on  the  suction 
rates  in  the  non-isothermal  tests.  Exceeding  this  limit 
!  caused  the  cooling  water  to  be  sucked  into  tile  air  lines 
which  caused  a  great  deal  of  trouble  in  the  suction  purap. 
On  the  other  handr  decreasing  the  suction  rate  below  a  certain 
minimum  value  caused  the  cooling  water  to  leak  from  inside  to 
outside  of  the  porous  surface  with  possibility  of  flooding 
the  shear  stress  sensor.  Indeed,  this  caused  an  inability 
to  reach  the  situation  where  there  was  only  heat  transfer 
without  mass  transfer.  Of  course  this  made  it  difficult  to 
compare  our  results  with  other  investigations  as  far  as  the 
heat  transfer  distribution  is  concerned. 
Carrying  the,  6ooling  water  away  from  the  test  cylinder 
I 
without  disturbing  the  conditions  inside  the  cylinder  was 
also  a  problem.  This  was  solved  by  making  a  perspdx 
extension  to  the  bottom  of  the  cylinder  ýnd  the  stability  of 
pumping  the  cooling  water  was  established  when  the  upper 
part  of  this  extension  was  subjected  to  the  same  pressure 
inside  the  cylinder  via  a  valve. 
The  third  major  difficulty'was  thdýestimation  of  e the  buoyancy 
effect  on  the  recorded  shear  stiebý-41duýe  to  th  Ie  pressure 
difference  on  the  upstream  and'downstream  I  sides  of  the  drag 
piece.  Due'to  the  nature  ofýiudh  pressure  differences 
being  sometimes  quite  small  together  with  high  oscillations 
of  the  pressure  inside  the  i6adb'l-  it  was  necessary  to  use  a 
Casella  manometer  to  be  able  to  Xpad  such  small  pressure 
differences.  /. 
** differences. 
Since  this  was  a  very  slow  process,  such  measurements  of  the 
pressure  differences  were  made  at  time  intervals  in  some 
selected  runs  and  the  results  were  considered  to  be 
applicable  for  the  whole  programme.  Whilst  this  was  not 
exactly  true,  this  assumption  seemed  reasonable  compared 
with  the  experimental  difficulties  and  length  of  time 
involved  if  these  measurements  were  to  be  carried  out  for 
each  individual  test. 
one  of  the  main  failures  in  the  present  study  was  the 
inability  to  reach  general  correlations  for  the  obtained 
I 
data  in  terms  of  the  different  parameters  studied. 
Unfortunately,  it  was  estimated  that  such  an  aim  required 
at  least  as  much  as  three  times  the  period  used  in  the 
present  programme.  Therefore,,  the  obtained  results  were 
presented  in  such  a  way  as  to  demonstrate  the  general 
behaviour  of  the  flow  structure,  rather  than  providing 
empirical  correlations,  under  the  effect  of  different 
parameters  involved  in  the  study. 
The  second  main  failure  was  the  inability  to  develop  a 
successful  theoretical  model  for  the  case  under  study, 
Keeping  in  mind  that  such  a  situation  is  known  to  be  a 
difficult  one,  as  pointed  out  by  many  investigators,  it  was 
hoped,  however,  to  provide  at,  jeast  4n  approximate  model  for 
that  case.  Nevertheless,  it.  ýis  hoped  that  whenever  time 
allows,  this  situatIon  will  again  be  approached  from 
different  aspects. I 
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